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Abstract
The capital intensive semiconductor fabrication industry necessitates optimal use of existing
assets for current and future process technology generations.
First, opportunity exists to increase wafer starts capacity without purchasing additional
capital equipment by optimizing the product loadings across multiple facilities running the
same process technology. Since many equipment capacities are sensitive to the product
mix, a dynamic method is needed to reallocate product loadings to each facility to meet
changing product demand requirements. If one or more facilities are constrained by
equipment whose capacity is sensitive to the product mix, product loadings can be adjusted
to increase overall wafer starts capacity.
Second, shorter process technology life-cycles and higher equipment costs have forced
companies to focus on reusing as much equipment as possible from one process technology
generation to the next. As compatibility between process technologies increases, equipment
sharing across process technologies is evolving as a natural extension of equipment reuse.
The benefits include capital equipment savings, process mix flexibility, and enhanced
constraint management. While these potential benefits are significant, they must be
carefully weighed against the tremendous technological risks and the additional effort
required to make equipment sharing a reality.
This thesis presents a linear optimization model for allocation of products to multiple
facilities along with analysis of the potential gains and risks from equipment sharing.
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1. Introduction
The capital intensive semiconductor fabrication industry necessitates maximum use of
existing assets for current and future process technology generations. This thesis presents
two different approaches for increasing wafer starts capacity based on existing or planned
equipment sets.
First, opportunity exists to increase wafer starts capacity' without purchasing additional
capital equipment by optimizing the product loadings across multiple facilities running the
same process technology. If one or more facilities are constrained by equipment whose
capacity is sensitive to the product mix, product loadings can be adjusted across the
facilities to increase overall wafer starts capacity.
Second, shorter process technology life-cycles and higher equipment costs have forced
companies to focus on reusing as much equipment as possible from one process technology
generation to the next. As compatibility between process technologies increases, equipment
sharing across process technologies is evolving as a natural extension of equipment reuse.
The benefits include capital equipment savings, process mix flexibility, and enhanced
constraint management. While these potential benefits are significant, they must be
carefully weighed against the tremendous technological risks and the additional effort
required to make equipment sharing a reality.
This thesis presents:
1. A methodology designed around a linear optimization program for allocation of
product loadings to multiple facilities.
2. Analysis of the inherent risks and potential benefits of equipment sharing across
process technologies.
1 Capacity in terms of wafer starts is discussed in Chapter 2, sections 2.2 and 2.3.
1.1 Optimal Allocation of Product Loadings
A method has been developed to improve the planning process for allocation of product
loadings to multiple facilities running the same process technology. A linear program uses
virtual factory2 production goals, process technology equipment capacity metrics, and
product loading guidelines to determine a product mix for each facility which maximizes the
total wafer starts capacity. Since the facility constraints vary as their respective product
mixes change, a dynamic method is needed to reallocate product loadings across the virtual
factory to meet changing product demand requirements. When the separate facilities have
different constraints, product loadings can be adjusted to increase overall wafer starts
capacity by exploiting the product sensitivities of each factory's constraints.
The overall methodology provides significant benefits for the production planning
process. First of all, the physical model is a powerful tool which rather simply solves the
complex task of ensuring that the product allocation process fully incorporates facility
equipment capacities. However, the model itself is merely the analytical tool of the overall
methodology which greatly enhances the level of communication between marketing,
planning, and the facility manufacturing engineering groups. This model provides a solid
data foundation that enables the manufacturing engineering groups to provide useful
feedback to marketing and planning regarding the tradeoffs between products and their
impact on the combined wafer starts capacity.
The methodology also provides a powerful means to quickly assess the current situation
and to conduct a variety of 'what-if scenarios to determine the best opportunities to
increase overall wafer starts capacity. This may in turn eliminate or reduce capital
equipment acquisitions requirements necessary to increase wafer starts capacity.
2 In this paper, the term virtual factory refers to multiple facilities running the same manufacturing process technology.
They are capable of producing identical products by utilizing the same equipment, process flow, and recipes with
only slight variations necessary to meet local operating conditions. This is discussed in section 3.1.
1.2 Equipment Sharing Across Process Technologies
As process technology lifecycles have become shorter, the reuse of capital equipment
from one process technology generation to the next has become increasingly important. In
a May 1995 article of Production magazine [ 26 ], Bob Jecmen of Intel stated "we would
like to reuse about 70% of the capital used for a previous generation of chips for the next
one" without "giving up on performance or density." These shorter process technology
life-cycles and increasing cost pressures are forcing development groups to leverage
existing equipment sets as much as possible when designing the next process technology.
This increasing compatibility from one process technology to the next opens the door to
expand on equipment reuse and analyze equipment sharing across process technologies.
The ability to share equipment offers significant benefits and applicability during both
process technology conversions and eventual production on multiple process technologies
in a single facility. In the short run, equipment sharing will result in lower capital
acquisition requirements and faster time-to-money on the new process technology by fully
utilizing existing equipment capacities. In the long run, equipment sharing will resemble
both flexible manufacturing for improved management of facility constraints and agile
manufacturing for enhanced ability to realign production capacity to meet product demands.
While important benefits can be realized, it is critical to understand to what extent and
under what circumstances these goals will come to fruition.
In most cases equipment sharing will be technologically feasible, but only through extra
development work on the new process technology and potential redesign of the current
process technology. Thus it will require additional resources and effort to successfully
implement equipment sharing across process technologies because of the many possible
costs, risks, and other considerations which must be fully explored. These include impact to
yields, layout, operational logistics, and systems like automation, training, and change
control. These potential negative outcomes are not only a concern for the startup and
capacity ramp on the new process technology, but also for continued production on the
current process technology.
1.3 Thesis Outline
This thesis is broken into roughly three parts. The first part presents aspects of
semiconductor manufacturing relevant to the remaining topics. The second part highlights
current production planning practices. Then it presents a methodology for improvement
through utilization of a linear optimization model. The third part discusses equipment
sharing across process technologies.
Chapter 2 includes an overview of the fabrication process, manufacturing drivers,
capacity calculations, and process technology conversions. Chapter 3 discusses general
semiconductor production planning and scheduling. Then it presents the current production
planning process and highlights critical concepts for formulation of an optimization model
Chapter 4 outlines the linear optimization model developed to determine product allocations
across multiple facilities. Then Chapter 5 presents a realistic case study based on the same
basic concepts.
Chapter 6 introduces equipment sharing across process technologies and addresses
some of the key issues. Then Chapter 7 presents a critical analysis of the expected benefits
from equipment sharing along with a thorough discussion of the inherent risks. Finally,
Chapter 8 summarizes the key findings.
2. Semiconductor Manufacturing
In the semiconductor industry, competitive pressures are driving the need to advance
performance through the introduction of ever smaller geometries and more complex
processes. Performance improvements are manifested in higher speeds (a key selling point)
and lower heat generation (which is vital for today's small high-tech computing devices).
As a result, the semiconductor manufacturing industry is extremely capital intensive with
costs accelerating rapidly as newer process technologies are increasingly more complex. A
majority of this cost is directly attributable to the processing equipment which ranges in
price from hundreds of thousands to several million dollars per unit.
This chapter presents aspects of semiconductor manufacturing relevant to the chapters
that follow. Sections 2. 1 and 2.2 provide an overview of semiconductor manufacturing
with a focus on the critical drivers for the industry. In section 2.3, capacity calculations are
explained in detail as they are integral to the remaining chapters. Finally, section 2.4
discusses process technology conversions which are increasing in frequency as process
technology life-cycles shrink.
2.1 Overview
Semiconductor manufacturing begins with silicon wafers and ends with packaged
integrated circuits.3 The semiconductor manufacturing process involves two major phases:
fabrication and assembly.
The first phase is the fabrication process which results in multiple integrated circuits
(often referred to as chips or die) on a single silicon wafer. These bare silicon wafers, which
serve as the foundation for the electrical components of the integrated circuit, are typically
150-200 mm (6-8 inches) in diameter, providing ample surface area for fabrication of
multiple die per wafer. Thus, a single wafer may contain hundreds of identical die
depending on the surface area of the chips and the diameter of the wafers.
3 Integrated circuits (ICs) are electronic devices consisting of many miniature transistors and other circuit elements.
ICs include both memory products and logic products such as microprocessors. The IC pattern is repeated across
the surface of the wafer resulting in several IC's per wafer depending on relative size of the IC and the wafer.
The second phase is the assembly process where the die are transformed from wafer
state to individually packaged products. First, the die are separated from each other and
then the functional die are individually packaged to allow for the attachment of external
connectors and to protect the integrated circuit from the environment. Finally, every
product is tested to ensure operability and to determine performance characteristics such as
clock-speed (in MHz) for microprocessors.
This thesis focuses on the fabrication process.
2.1.1 Fabrication Process Flow
A vertical cross-section of a semiconductor product reveals a number of layers which
can be grouped into two broad categories commonly referred to as the 'front-end' and the
'back-end' of the process. Starting with a bare silicon wafer, the front-end forms the lower
layers where the critical electrical components (transistors, capacitors, etc.) are fabricated.
The back end of the process consists of the upper layers where the electrical components
are connected together via metal lines to form circuitry.
Fabrication of each layer involves a number of complex processing steps. The
functional areas include lithography, etch, thin films, diffusion, and ion implantation.
1. Photo-lithography, or lithography for short, is similar to photography as light is used
to transfer an image onto a photosensitive layer. This photosensitive film called
photoresist is placed on the wafer in liquid form and then ultraviolet light is used to
transfer a pattern into the photoresist. The patterns are formed using a reticle or
mask4 which is placed between the ultraviolet light and the wafer. The wafer is then
chemically washed in a solution which has no effect on the unexposed regions, but
removes the photoresist that was exposed to the ultraviolet light. This exposes the
wafer's surface with the remaining photoresist protecting the unexposed areas from
etch and ion implantation steps which may follow.
4 Lithography masks are glass plates with the product specific layer patterns necessary for each lithography step.
These masked may also be referred to as reticle sets.
2. The etch process removes material from the wafer's surface via 'wet etch' using
chemicals, or dry etch using plasma in a vacuum chamber. The chemicals or plasma
act directly on the exposed layers which are not covered by photoresist causing the
pattern formed during lithography to be transferred into the underlying layers.
3. The thin films process applies materials directly to the entire surface area of the
wafer. These materials include photoresist, insulation between layers, and metal for
electrical interconnections, as well as protective coatings during and at the end of
the fabrication process.
For example, in the 'back-end' of the process, thin films is used to place a
metal film across the wafer, followed by a photoresist layer. Then
lithography exposes a pattern into the photoresist and a 'wet' etch process
removes the exposed photoresist. Finally, a 'dry' etch process is used to
remove the exposed metal. This step is followed by another 'wet' etch step
which removes the remaining photoresist. The remaining metal forms lines
which interconnect the underlying electrical components.
4. Ion implantation is a process used to place impurity ions into underlying layers on
the wafer. Charged dopant ions5 are accelerated by an electrical field and shot into
selectively exposed regions of the wafer.
5. Diffasion is a high temperature process which is used to form layers on the wafer's
surface or to affect the underlying layers.
* Unlike thin films where a layer is created on top of the existing wafer,
dififusion is used to grow a layer into the wafer's surface. For example,
oxygen introduced during the diffusion process interacts with the silicon
wafer to form a silicon dioxide layer.
* Diffusion is also used as an annealing process following other steps. For
example, after ion implantation, the high temperature will diffuse the
Dopant ions are atoms of other materials (such as Boron and Arsenic) which are introduced into the lattice structure
of the silicon to precisely control the electrical properties of the material through the formation of'p' and n regions.
impurity ions and recrystallize the underlying material which may have been
damaged during the ion implantation phase.
The fabrication process ends with electrical test and 'sort.' Electrical test (commonly
referred to as E-Test) is a preliminary check at the wafer level, followed by the 'sort'
process where each die is individually checked to ensure operability. In essence, the 'good'
die are sorted out from the 'bad' die. The chips then move on to the next phase still in a
wafer form, with the 'bad' die clearly designated. 6
These operability checks are important at this stage for two reasons.
* First, it is desirable to eliminate the 'bad' die prior to the assembly phase.
* Second, the data provides very valuable and timely feedback to the fabrication
facility to determine where opportunities exist to improve production yields.
2.1.2 Fabrication Equipment
Typical semiconductor manufacturing process technologies involve hundreds of
different steps on numerous equipment types spanning the functional areas discussed in
section 2.1.1 above. This leads to what is commonly referred to as 're-entrant flow'
because the fabrication process consists of multiple steps performed on the same equipment
for different layers throughout the manufacturing process.
A given facility may have several dozen different equipment types even though there are
only five key functional areas as discussed in section 2.1.1. There are several reasons for
this high number of different equipment types.
* First, within each fimctional area, the equipment types may vary significantly. For
example, within thin films, each different layer may require a unique process as
oxides are deposited using chemical vapor deposition (CVD) whereas metal layers
are formed using physical vapor deposition (PVD), also called 'sputtering.'
' 'Bad' die are non-functional chips which are either marked with ink or recorded in a computer database for
elimination prior to the assembly phase.
* Second, while the same equipment type can be used for multiple steps, it may be
necessary to dedicate a specific unit to certain steps due to interaction effects or
extensive setup, requalification, or seasoning requirements. If so, the equipment
may be designated with separate classifications. (e.g. 'Equipment Type A-i' for
steps 5, 17, and 32, and 'Equipment Type A-2' for steps 49 and 58.)
* Finally, there may be different generations of similar processing equipment. For
some equipment types, it may be desirable to perform the more critical layers only
on the new generation equipment, while other less-critical layers can be done on
either model. These models will very likely have different runrates and equipment
availabilities which must be accounted for in equipment calculations.
2.2 Manufacturing Drivers
The semiconductor industry generally refers to capacity in terms of wafer starts because
the unit of production during fabrication is wafers. However, the goal of a semiconductor
facility is to maximize its output of functional integrated circuits which are called 'good'
die. As a result, yield is equally as important to capacity as wafer starts because the revenue
generating item is 'good' die rather than processed wafers.
The number of 'good' die is proportional to wafer starts, line yield, and die yield.
During a production ramp, the output of'good' die is also affected by the throughput time
which essentially represents the delay between wafer starts and the associated 'good' die.
Process capability may also affect other performance characteristics such as clock-speed.
This importance of 'good' die and higher speeds is magnified early in the life of a product
when it usually sells for a premium.
2.2.1 From Wafer Starts to 'Good' Die
As discussed above, the overall process capability has a number of significant effects on
the 'good' die output relative to the wafer starts. The process technology directly impacts
the line yield, the die yield, and the 'bin' splits. These effects are represented in Figure 2.1
and discussed below.
Figure 2.1 From Wafer Starts to 'Good' Die
Wafer Starts: The number of bare silicon wafers entering the fabrication
process. This is expressed as the number of wafers started per unit of time
(generally per week or per month).
* Line Yield (LY): The percentage (%) of wafers which complete the fabrication
process. Most line yield losses are due to breakage or misprocessing. Some
loss also occurs during E-Test just prior to the 'sort' phase.
Wafers Out: The number of wafers which complete the fabrication process and
continue onto the 'sort' phase.
+ Die Yield (DY): The percentage of functional die per wafer. This data is
determined during the 'sort' phase (discussed at the end of section 2.1.1).
'Good' Die Out: The number of functional die at the end of the fabrication
process. This depends on both the number of die per wafer and the
percentage of these which are functional where the number of die per wafer
depends on the die size and the surface area of the wafer. Equation 2.1
below expresses the expected 'good' die output as a function of the wafers
starts, the number of die per wafer, the line yield and the die yield.
Equation 2.1 'Good' Die Output
GOOD DIE = (Wafer Starts) * (LY) * (# of Die per Wafer) * (DY)
GDO = WO * DPW * DY
__j
WO = WS * LY
* Bin Splits: For some products like microprocessors, the clock speed is a key
selling point. A given process technology may result in a range of final
performance speeds which can be divided into two or more groups called bins.
'Bin splits' refers to the breakdown of a batch of 'good' die into these different
bins. Generally, these 'bin splits' are not determined until after the assembly
phase, but it is important to consider them here because the characteristics are
determined for the most part during the fabrication process.
2.2.2 New Process Technologies
New semiconductor fabrication process technologies are characterized by ever smaller
minimum feature sizes with current process technologies having line widths on the order of
0.4 micron' (and in some cases 0.25 micron). These smaller geometries provide significant
benefits in terms of product performance and manufacturing costs.
* Performance represents the most critical factor for new products. Performance
gains are manifested in higher speeds, lower power consumption, and reduced heat
generation.
1. Product speed is inversely proportional to the minimum feature size of the
electrical components. This feature is the most recognizable for
microprocessors which are rated by their speed in MHz.
2. As minimum feature sizes decrease, the operating voltage can be reduced
which in turn lowers the power consumption. This is important from a
conservation standpoint and it is particularly attractive for notebook
computers which rely on battery power.
3. The lower operating voltage also results in less heat generation. This
reduces the likelihood of early failure, and more importantly, lessens the
need for elaborate heat sinks which are very difficult to fit into modem
notebook computers.
7 A micron is 10" meters. For comparison, the thickness of a human hair is approximately 75 to 80 microns.
The smaller line widths also result in smaller products as less surface area is
required for the same circuitry. This in turn reduces manufacturing costs.
1. With a smaller surface area, more die can be produced on a single wafer.
This in turn results in a lower cost per die for the same manufacturing cost
per wafer.
2. The reduced surface area for each die also results in smaller scale packaging
requirements during the assembly phase following fabrication.
2.3 Capacity Calculations
As discussed in section 2.1.2, the manufacturing process technology consists of several
different equipment types. From a capacity standpoint each equipment type (or tool") has
its own specific runrates and availability. The equipment capacities vary significantly from
tool to tool and even from product to product for a given tool. This chapter presents the
background necessary to understand the aggregate capacity number, referred to as wafer
start capacity, which incorporates the runrate and availability data for each tool on a
product specific basis.
2.3.1 Equipment Runrates
Each tool has specific runrates expressed in wafers per hour that may be different for
each step on each product. Therefore, the term runrate is tool, product, and step specific.
Wafers pass from step to step in lot size containers, but depending on the equipment,
they may be processed either individually or in batches of one or more lots. For single
wafer processing, the runrate is simply the inverse of the time required to process a single
wafer.
Equation 2.2 Equipment Runrate (Single Wafer Processing)
Runrate (wafers / hr) = time wafer
timer(in hours))
SThe term tool will be used synonymously with equipment type throughout this document.
With batch processing, all of the wafers are processed at the same time. In this case, the
runrate is simply the number of wafers per batch divided by the processing time per batch.
Equation 2.3 Equipment Runrate (Batch Processing)
Runrate (wafers / hr)= wafers per batch(time per batch (in hours))
The example below assumes that wafers travel in lot sizes of 10 and are processed in
batches of two lots (which equals 20 wafers). For a specific layer, 40 minutes is required to
process a batch. The resulting runrate is 30 wafers/hour as shown in Equation 2.4.
Equation 2.4 Example Equipment Runrate Calculation
t= 20 wafers (60 minutes 30 wafers
Sk40 minutes) hour warhour
2.3.2 Wafer Start Capacities
This runrate data is aggregated into a single number called the wafer start capacity in
order to simplify capacity calculations. These wafer start capacity (WSC) metrics,
determined for each tool, incorporate three key concepts.
* First, for each tool, the aggregate number must account for all of the steps
required on a given product. As new wafers enter the production system,
sufficient capacity is needed to process each step for every wafer in production.
* The equipment is not available 100% of the time for processing production
wafers, thus the maximum expected utilization is less than 100%.
* Different products often have different layer runrates and possibly even a
different number of layers, thus equipment capacities are product specific.
2.3.2.1 Explanation
The WSC for each tool is determined by the step specific runrates and the equipment
utilization goal which depends on availability. Availability, generally expressed as a
percentage, is the ratio of the time usable for processing production wafers to the total
time.9 The availability is almost always less than 100% for several reasons.
* Preventive maintenance: A good preventive maintenance schedule minimizes
unplanned downtime and helps maintain production quality (in terms of line
yields and die yields). Curtailing the time devoted to preventive maintenance
can actual reduce output capacity of 'good' die if yields are adversely affected or
if unplanned downtime increases.
+ Unplanned downtime: Even with a good preventive maintenance schedule,
some allocation of time is needed for unplanned downtime.
As Uzsoy, Lee and Martin-Vega [ 23 ] point out in a 1992 article, "the
characteristics of the equipment used in semiconductor manufacturing vary
widely. The production equipment is technologically extremely sophisticated,
(yet) it requires extensive preventive maintenance and calibration and is still
subject to unpredictable failure. "
* Configuration changes: Some equipment may require minor setups between
products or even between different layers for the same product.
* Test wafers: Some capacity is also required for test wafers for monitoring the
equipment and conducting process control experiments.
The expected utilization goal is generally less than the equipment availability as it is
desirable to have a 'gap' between utilization and availability. For example, the utilization
target (U) may be set to 90% of the maximum availability (A) to allow some slack capacity.
The theory of constraints [ 10 ] combined with "Little's Law" shows us that work-in-
process (WIP) inventories and throughput times increase exponentially as the ratio of
utilization to availability (U / A) approaches 1.0. This slack capacity is also desirable to
account for variations resulting from unplanned equipment idle time such as waiting for an
operator to start the next batch of wafers.
9 The total time is 168 hours for a 7 day a week, 24 hour a day operation.
2.3.2.2 Calculation
For a given tool and product, the wafer start capacity is the aggregate runrate times the
utilization target where the aggregate runrate considers all of the product steps performed
on this tool. We will assume the WSC is expressed in wafers per week while the aggregate
runrate is in wafers per hour.
Ageregate Runrate
To simplify calculations, the aggregate runrate can be determined by assuming the
equipment processes all of the steps for one complete wafer or batch one right after the
other. Thus, the aggregate runrate is a measure of the total time required (for all steps
processed on a specific tool) for a completed wafer.
Equation 2.5 Aggregate Runrate
The second part of Equation 2.5 is a simple calculation based on the processing of layers in
a serial flow. The aggregate runrate will be smaller than all of the individual runrates
because the aggregate runrate is based on the sum of the times required for all steps
conducted on a specific tool.
Wafer Start Capacity
The wafer start capacity for a specific tool and product is then calculated from this
aggregate runrate data as shown in Equation 2.6.
Equation 2.6 Wafer Start Capacity
Wafer Start Capacity = (Aggregate Runrate) * (168 hrs/ wk) * (Utilization Target)
wafers per batchAggregate Runrate = wafers per batch
I (time per batd
# ofsteps
Example Calculation
Consider a specific product which passes through a given tool three times. The tool
processes wafers in batch sizes of 10. The three batch times are 20 minutes, 30 minutes,
and 50 minutes. This yields runrates of 30 wafers/hr, 20 wafers/hr, and 12 wafers/hr
respectively. The aggregate runrate is then 6 wafers/hour as calculated below.
Equation 2.7 Example Aggregate Runrate Calculation
S 10 wafers / batch 60 minafer
Aggregate Runrate= * 6 wafers
b(20 +h30 +50 hour /hourbatch batch atch
A utilization target of 80% results in a WSC of approximately 800 wafers per week.
Equation 2.8 Example Wafer Start Capacity Calculation
Wafer Start Capacity = (6 waferhour ) * (168 hourweek ) *(0.8
= 806 waferwee/
This means that one unit of this tool provides sufficient capacity to process approximately
800 new wafer starts per week if operated at the utilization target. This still provides some
slack capacity to account for variability. As discussed in section 2.3.2.1, the utilization
target is less than the maximum equipment availability (U/A < 100%).
2.3.3 Equipment Requirements
For each equipment type, a certain number of units are required to meet the desired
capacity for the entire process. Based on the example above in Equation 2.8, if the
production goal is 1000 wafer starts per week, then two units of the example tool would be
required. For each tool, the number of units required is determined simply by dividing the
desired capacity by the respective wafer start capacity, both expressed in wafer starts per
I
I
unit time. This number is then rounded up to the nearest integer as tools can only be
purchased in whole units.
Equation 2.9 Number of Units Required for a Specific Tool
Units Required = ROUND UP(Capacity DesiredToolWSC I
In reality, facilities produce multiple products which may have different wafer start
capacities. To determine the number of units required, the calculation is similar to Equation
2.9 above; however, the number of units required is calculated for each product and the sum
is rounded up to the nearest integer. This is then repeated for each tool.
Equation 2.10 Number of Units Required for a Tool (for Multiple Products)
Product Capacity DesiredFractional # of Units Required =
Tool WSC (for given Product)
2.4 Process Technology Conversions
With the implementation of new process technologies every two to three years, process
technology transfers have become a critical phase in the product life-cycle. As both product
and process life-cycles shorten and production capacity ramps accelerate, new process
technologies require particularly fast learning curves to support the rapid escalation to high
volume. Bohn addresses this issue in a 1995 article titled "Noise and Learning in
Semiconductor Manufacturing." [ 4 ] In an earlier article titled "Measuring and Managing
Technological Knowledge," he goes on to say that "managing in high-tech industries
requires both rapid learning and the ability to manufacture with 'immature' technologies.
As feature sizes get smaller with each new generation, new equipment is needed and new
variables become important." [ 3 ]
27
I I
2.4.1 Critical Factors
A 1995 MIT Master's Thesis [ 20 ] on multi-site semiconductor manufacturing
highlights the critical requirements for a technology transfer from a development facility
into a high volume manufacturing site. These key factors include the time to transfer the
new process technology into production, the rate of the capacity ramp for new wafer starts,
and the time to achieve high yields. Not to be overlooked, however, is continued
production and emphasis on the current process technology during the planning and actual
conversion phases. In many instances, production on the current process technology
represents the company's leading products. Any major gap in production during the ramp-
down on the current process technology through the capacity ramp on the new process
technology represents a major break in revenue generation.
2.4.2 Conversion Scenarios
Four very different scenarios exist for the introduction of a new process technology:
1. "Green-field"
2. Conversion
3. Conversion with expansion
4. Addition of a new process technology
The most obvious method of introducing a new process technology is into a brand new
facility or in previously unused space in an existing facility. This is often termed a "green-
field" startup.
Almost as likely is a complete conversion where an existing fabrication facility
previously operating at full capacity on the current or older process technologies is
converted over to a new process technology. This is similar to an automobile company
completely retooling an assembly plant for a new model year; a majority of the equipment is
converted, while a portion is replaced with new equipment necessary to enable the new
process technology.
In many cases, however, there is additional manufacturing space available for expansion
in conjunction with conversion of the existing equipment. The transition generally begins
with a "green field" startup of the new process technology in previously unused space while
production continues on the current process technology. In this case, the conversion of the
existing equipment to the new process technology is essentially viewed as a sub-project of
the startup and capacity ramp on the new process technology. A key concern in this case is
maintaining good quality production output from the current (revenue generating) process
technology in order to minimize the resulting revenue trough.
The final scenario is similar to the last case, except there is no conversion of existing
equipment. New process technology equipment is installed in previously unused
manufacturing space while production continues on the current process technology
relatively unaffected. The end product of this fourth scenario is a facility running dual
process technologies in the same facility. This fourth scenario will be discussed in more
detail starting in Chapter 6 regarding equipment sharing across process technologies.

3. Production Planning
This chapter introduces concepts critical to the optimization model for reallocation of
product loadings across multiple facilities. First, section 3.1 presents the 'virtual factory'
concept of multiple facilities running the same process technology. Section 3.2 highlights
the merits of manufacturing flexibility as it relates to this 'virtual factory' concept. Section
3.3 presents some of the current literature regarding production planning in the
semiconductor industry and section 3.4 introduces the current production planning process.
Finally, section 3.5 discusses some of the key considerations behind the development of a
dynamic model for assisting in product allocation decisions, particularly in light of changing
product demand requirements.
3.1 The Virtual Factory Concept
The concept of a virtual factory refers to a collaboration of distinct operating facilities
utilizing the same manufacturing process technology to fabricate a variety of different
products. The multiple facilities operate at many levels as a single combined facility.
For the process technology, the facilities utilize the same equipment types and the same
process flow with the exception of minor recipe differences to meet local operating
conditions. Process flow refers to the sequence of steps (from tool to tool) through the
manufacturing process whereas recipe refers to specific parameters (temp, pressure, time)
used for a specific step. Both the process flow and recipes are product specific to some
extent. Local conditions such as altitude's effect on atmospheric pressure or the length of a
gas line to a tool can potentially have effects that cause minor recipe variations.
From an outside perspective, the source facility is irrelevant to the customer as they all
fabricate equivalent quality products. The only limitation is the availability of product
specific lithography masks. The facilities also have different capacities as the number of
installed units of each equipment type varies from site to site.
These facilities operate as one at many functional levels with joint (cross-site) process
engineering and manufacturing engineering teams as well as joint operational and planning
groups. These cross-site teams work together to prioritize and complete projects for the
virtual factory as a whole. In most cases, changes made at one facility are implemented at
the other facilities in an almost lockstep fashion through a well defined change control
process.
This virtual factory concept can provide competitive advantage through increased
manufacturing capacity flexibility as discussed in the next section.
3.2 Manufacturing Flexibility
In a 1991 paper titled "Principles on the Benefits of Manufacturing Process Flexibility,"
Jordan and Graves [ 13 ] summarize the impact of process flexibility in a manufacturing
environment as follows:
"Increasing manufacturing flexibility is a key strategy for
efficiently improving market responsiveness in the face of
uncertain future product demand. Process flexibility results
from being able to build different types of products in the
same facility at the same time. This allows changing the
product mix during production as demand varies. "
The current virtual factory structure provides this needed flexibility to respond to
changing product demands. The individual facilities, all running the same process
technology, are capable of producing any of the products within a given process technology
with minimal changeover times. However, there is no dynamic way to determine how to
best utilize this flexibility to maximize total wafer starts capacity. Under the current long
range planning process, it is extremely difficult to determine a product allocation that takes
fiull advantage of the available capacity to respond to unforeseen demand changes.
3.3 General Production Planning
A review of the current literature provides several insights regarding the difficulty of
production planning in the semiconductor industry. Uzsoy, Lee and Martin-Vega [ 23 ]
point out that in the "semiconductor industry ... production planning and scheduling
problems ... have several features that make them difficult and challenging." These include
"random yields and rework, complex product flows, and rapidly changing products and
technologies." These complex product flows are caused by a high number of processing
steps combined with 'reentrant flow' since the same equipment is used for multiple steps as
discussed in section 2.1.2. Moreover, "the sheer volume of data in a semiconductor
manufacturing facility makes data acquisition and maintenance an extremely time-
consuming and difficult task."
In a 1996 Engineering Economist article, Jones, Inman and Zydiak [ 12 ] state that
"solving the coordination problem requires two types of decision making: deciding how
much of the production of each product should be allocated to any facility, and deciding
how the schedules from different facilities should be timed together in order to meet
product demands." Gershwin [ 9 ] proposes a hierarchical approach to production
planning and control. He says that "the corporate-level production planner is primarily
interested in determining the optimal, capacity-feasible product mix for each planning period
over some planning horizon. One or more lower level planners (can) then determine the
best way to produce this mix, taking into consideration the detailed current status of the
factory."
As Uzsoy, Lee and Martin-Vega [ 23 ] explain, "this approach is based on the insight
that production planning and scheduling involve different sets of decisions made at different
points in time by different groups of decision-makers. To make longer-term decisions, such
as how much capacity to devote to which product lines, it is sufficient to use aggregate
information, while the more detailed operational scheduling decisions are made within the
constraints of the longer-term decisions already taken."
Finally, Golovin [ 11 ] discusses the use of sophisticated analytical techniques for
semiconductor production planning and scheduling. He points out the difficulty of selecting
an appropriate objective function, and shows that formulating the problem in an integrated
manner (long-term planning through short-term scheduling) may result in "a mathematical
programming problem which is intractable and requires data which can not be obtained
reliably." Similar to the above discussion, he advocates a hierarchical approach such as that
suggested by Bitran, Haas and Hax [ 3 ] in articles from 1981 and 1982.
3.4 Current Planning Process
The current planning process primarily involves the marketing and planning
organizations. Marketing develops the product demand forecasts and converts this into
virtual factory production goals. Then the planning organization determines product
loadings for each of the facilities based on rough capacity estimates and facility loading
guidelines. As Figure 3.1 shows, there is minimal feedback from the facilities to the
marketing and planning organizations. For the most part, the information flow is one-way.
Figure 3.1 Existing Planning Process
In a 1996 article titled "Close the Marketing/Manufacturing Gap," Crittenden [ 6 ] says
that "marketing and manufacturing often seem to be working at cross-purposes. Marketing
is stimulating demand and manufacturing is controlling supply. To reach the firm's long-
term goals, the two functions must work together, and the critical decision they must jointly
make is capacity allocation. By working together ... manufacturing and marketing can
better appreciate each other's constraints and become more willing to make tradeoffs in
their own functions." While the current groups are not necessarily "working at cross-
purposes," there is definitely room for improvement through increased coordination and
sharing of information earlier in the production planning process.
Bailey [ 1 ] relates similar production planning difficulties in the assembly and test phase
of semiconductor manufacturing. She says that "historically, the focus has been to increase
capacity per system through test time reduction and equipment enhancements. Operational
aspects have been harder to quantify and therefore more difficult to improve. Capacity
forecasts have lacked the in-depth characterization of system interactions and product
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specific detail necessary to reflect the impact of a dynamic product mix." The model
presented in the next two chapters attempts to overcome these difficulties. It provides both
the information and the means necessary to understand and react to changing product
demands.
3.5 Key Considerations for Model Development
First, it is extremely important to consider all of the facilities together as optimization at
one facility can result in sub-optimization for the virtual factory as a whole. In some cases,
an optimal allocation may require a product loading adjustment which reduces wafer starts
capacity at one facility but results in a greater corresponding capacity increase at another
facility.
Second, while the model's goal is to maximize wafer starts capacity, it is critical to meet
the desired product mix for the virtual factory as a whole. In order to accomplish this, it is
vital that overproduction of one product NOT offset underproduction of another product
when attempting to maximize wafer starts capacity. Without this constraint, the model
would simply recommend using all available capacity for the 'easiest' (least capacity
intensive) product. However, with this constraint, the model can maximize wafer starts
capacity by adjusting product loadings to minimize the effects of wafer capacity sensitive
equipment while still meeting the desired product mix.
Third, for the current process technology studied, the wide range of products can be
grouped into five categories based on equipment capacity sensitivities. These product
groups consist of three slightly different process flows (often referred to as 'sub-processes')
with two of the process flows subdivided because of lithography step size requirements.
The resulting five product groups have the same wafer start capacity for each product
within a group. Lumping the individual products into groups simplifies the model
formulation without any loss of optimization capability with respect to maximizing wafer
starts capacity. Moreover, as the wafer start capacity database is developed to encompass
greater detail, the model can easily be upgraded to handle additional product groups.
Finally, as stated in section 2.1.2, the current process technology requires several dozen
different equipment types not including analytical equipment. As Leachman [ 15 ] points
out, model "formulations can be very large for large organizations with complex production
environments. A large semiconductor firm must plan the production of thousands of
products subject to capacity limitations imposed by hundreds of equipment types. In
addition to the complexity caused by the variety of processing equipment types, frequently
there are alternative machine types suitable for performing manufacturing operations. Such
machine types have partial overlap in terms of the operations they can perform." In general,
"alternative machine types" exist due to multiple process technology generations. While
newer equipment may be used for all designated processing steps, older equipment may be
unable to perform the more critical operations and thus will be limited to a subset of the
steps.
Even with these complications, it is beneficial to include most if not all of the equipment
types in the model even though only a few are likely to be a constraint at any specific point
in time. Increasing the number of equipment types included has no impact on performance
and adds very little complexity, yet makes the results much more robust as the facility
constraints are likely to change over time. First, the constraints may change as the product
mix changes; second, the expected equipment capacities change with time to account for
learning and planned improvement projects; and third, the number of units of each
equipment type installed changes frequently throughout each factory's production ramp.
4. Linear Optimization Model
A linear program has been developed to solve the complex task of determining an
optimal product loading for each facility that maximizes the combined wafer starts capacity
for the desired product mix.
What is Linear Programming?
Linear programming is a mathematical technique for solving
a broad class of optimization problems that require
maximizing or minimizing a linear function of 'n' real
variables subject to 'm ' constraints. [ 21 ]
Table 4.1 shows a basic input-output summary for a virtual factory consisting of three
facilities and five product groups. The primary inputs are the production targets (in wafer
starts) for each product group. The outputs (called the "unknowns" in linear programming
terminology) are the production goals for each facility.
Table 4.1 Basic Input-Output Summary
Production 5
Goals Inputs
4.1 Model Inputs
The model relies on extensive data inputs, yet relatively few operator inputs.
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4.1.1 Data Inputs
The data inputs include equipment capacity metrics and the installed equipment
base at each facility. For each tool, the resulting available capacity is simply the
wafer start capacity times the number of units installed.
1. First, the model is based on the wafer start capacity (WSC) metrics for each
product group for each equipment type. The model is linked directly to another
spreadsheet which actually calculates these aggregate capacity metrics from the
equipment runrates and availabilities as explained in section 2.3.2. The resulting
database is extensive because it contains all of the expected data not only for a
specific point in time, but for each month looking forward to account for
expected changes in WSC metrics as a result of learning and planned
improvement projects.
2. Second, the model needs to know the number of units of each equipment type
installed at each facility in order to calculate total capacities. The model is
linked to a separate database which contains this information for each facility.
This data, like the WSC metrics, tends to change over time as one or more of
the facilities are generally in a gradual production ramp. As additional
equipment is installed, the facility constraints may change; thus it is critical to
use the correct input data when making planning decisions.
4.1.2 Operator Inputs
As mentioned earlier, the primary operator inputs are the virtual factory
production targets in wafer starts for each product group. Additional operator
inputs are available for solution refinement and "what-if' analyses. Finally, a
reference date is needed for selection of the appropriate WSC metrics and installed
equipment base.
1. The virtual factory production targets are obtained by summing the production
goals for all of the products in each group, where the groups are based on
identical WSC metrics as discussed in section 3.5. These product specific goals
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in turn come from the planning organization based on the target volumes for
finished products and the expected yield of the manufacturing process. Equation
2.1 can be used to convert wafer starts into 'good' die output or vice-versa as a
function of the line yield, the die yield, and the number of die per wafer. Since
product dimensions vary, the number of die per wafer will obviously be different;
line yield and die yield may also vary by product. Thus, for an equivalent
number of wafer starts, 'good' die output may differ significantly meaning that
production goals in terms of wafer starts must be carefully formulated.
2. In order to select the appropriate data inputs for the planning horizon, a
reference date is required. The model automatically uses this reference date to
obtain the desired WSC metrics and installed equipment base via a 'lookup'
function which selects the appropriate data for the time period of interest.
3. Other operator inputs that can be used for solution refinement include product
weighting factors and additional constraints on the "unknowns."
Product weighting factors can be used to account for the inherent differences
between products. Without these weighting factors, the model will optimize
based on wafer production capacity as determined by the WSC metrics.
However, there are significant differences between products that can be
accounted for using these weighting factors. For example, the number of
'good' die per wafer varies as discussed in point #1 above. Also, the
expected revenue and profit may vary considerably from product to product.
Thus, product weighting factors can be used to represent the number of die
per wafer or the revenue per wafer to assist in the formulation of an optimal
production plan.
Minimum and maximum constraints can be established for each product
group at each facility. These provide a quick means for solution refinement;
it is even possible to fix production of specific products at each facility by
setting the minimum and maximum to the same value.
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It may also be desirable to use the model to meet dual sourcing
requirements, where dual sourcing refers to the production of higher volume
products at more than one facility in order to reduce the risk associated with
production at only a single facility. Dual sourcing also provides significant
manufacturing flexibility as discussed in section 3.2. One way to ensure dual
sourcing requirements are met is through iterative solutions using the
minimums and maximums discussed previously. However, it is also possible
to implement dual sourcing directly by establishing an upper limit for
production of each product group at each facility as a percentage of the total
for that product group as shown in Equation 4.1.
Equation 4.1 Maximum Production to ensure Dual-Sourcing
Similar constraints can be established for Products 1, HI, IV and V. The
percentage (X) may vary by product and may even be 100% for low volume
or low risk products.
The model also includes an input column for each facility to incorporate
additional installed equipment. This greatly increases the model's capability
to be used for a wide array of 'what-if scenarios.
4.2 Operation
The model developed over the next several pages is a linear program utilizing Microsoft
Excel's [ 19 ] "solver" routine. The goal of this optimization model is to maximize virtual
factory wafer starts capacity for a given product mix and installed equipment base. It
accomplishes this by determining a product loading for each facility that best satisfies the
combined production goals of the virtual factory.
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Product I @ Facility A < ( X % ) * ( Total Production of Product I)
Product I @ Facility B < ( X %) * ( Total Production of Product I )
Product I @ Facility C < ( X % ) * ( Total Production of Product I )
where
Total Production of Product I = ( I at A ) + ( I at B ) + ( I at C)
It is important to remember that the basis of the model is to find opportunities to
increase wafer starts capacity relative to the existing situation. As discussed in section 4.1.2
above, determining production targets is a complex task which depends on more than just
wafer starts. Products differ in market demand, the number of die per wafer, the expected
revenue and profit per wafer, and even in strategic importance. Thus it would be foolish to
believe this model could determine an optimal solution for a company based only on the
WSC metrics and installed equipment base at each facility. The operator inputs play a
major role in structuring the model's results.
For model implementation, the total for each product group is limited to the production
targets input by the user. This prevents the model from optimizing to a solution which no
longer meets the company's product mix requirements. Even given these limitations, the
model provides a powerful means to highlight opportunities for increased wafer starts
capacity and it provides coherent feedback regarding the tradeoffs between the different
products and their impact on overall production capacity.
4.2.1 Detailed Input-Output Summary
Table 4.2 provides a detailed input-output summary based on production targets of
1000 wafer starts for each product group for 5000 wafer starts total. The optimal solution
results in only 4800 wafer starts due to capacity limitations caused by the overall product
mix, the equipment capacity metrics, and the installed equipment base at each facility.
In order to get more than 4800 wafer starts under the current scenario, there would
have to been an overall shift in the production targets to easier (less capacity intensive)
products. And even if it is possible to increase wafer starts capacity, the net result may be
reduced 'good' die output or less revenue generation depending on the specific product
characteristics such as die size or the expected revenue per die.
Table 4.2 Detailed Input-Output Summary
Production Targets 000 101000 0 0 1 0  1000 1000 F0 5000
Minimum Targets 0 0 0 0 0
V
600
200
0
TOTAL 1000 1000 1000 1000 800
Underproduction 0o 0 0 0o 200
Weighting Factors I 1.0 1.0 1.0I 1.0 1.0
4800
Objective
Equation200 '
The optimal solution displayed meets the production targets of 1000 for Products I
through IV, but comes up 200 wafer starts short for Product V. Hence, the model is
inferring that Product V is the most capacity intensive as the model has met the production
targets for Products I through IV at the expense of Product V. It is possible, however, that
two or more products may be equally capacity intensive at the constraint which could result
in an optimal solution with a shortfall in more than one product. Thus, it is important to
realize that this solution may not be the only solution which results-in 4800 wafer starts as
there are likely other 'equally optimal' solutions. This will become more apparent over the
next few sections in this chapter.
4.2.2 Objective Equation
As the model is formulated, the objective is to minimize the difference between the
production targets and the solution product totals. Thus the objective equation is simply
the sum of the 'Underproduction' values where 'Underproduction' equals the 'Production
Target' minus the 'TOTAL' for each product. As Equation 4.2 shows, the objective
equation is further formulated to include product weighting factors to differentiate between
the wafer value of each product. See section 4.3. 1 for further discussion regarding the
product weighting factors.
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Equation 4.2 Objective Equation
to Product V
Objective Equation = 1 (Weighting Factor) i * (Underproduction) i
i = Product I
where (Underproduction) i = (Production Target) i - (TOTAL) i
For the example shown in Table 4.2, the objective equation totals 200 since all of the
weighting factors are set to 1.0.
4.2.3 Model Constraints
The optimization results are based on two primary constraints: the capacity limitations
imposed by a fixed installed equipment base at each facility, and the product mix limitations
as a result of the production targets. The model also incorporates additional constraints to
help refine the solution.
First, the number of tools required must be less than or equal to the number installed at
each facility, where the number of tools required is based on the production plan for each
facility and the associated wafer start capacity metrics.
Equation 4.3 Equipment Constraints
(Tools Required)Faciity j 5 (Tools Installed) Facility j
for every equipment type.
ReqredFacty P oduct (Production Plan)Product i@ Facility j(Tools Required) Faciity j = C •, •tV
i= Poduct I WSC Product ii rod I
Table 4.3 below shows an example of this section of the model. For every facility, the
number of tools required (based on the product mix for that facility) must be less than or
equal to the number of tools installed for each equipment type. In the table below, this
results in nine constraint equations only considering the three tools shown. In reality, the
number of different equipment types for the entire process technology is higher by an order
of magnitude.
Table 4.3 Equipment Constraints
Tool #1
Tool #2
Tool #3
etc.
Note that each facility's constraint can easily be determined by simply looking at these
results. For Facility A, the constraint is tool #1 as the number of tools required exactly
equals the number of tools installed. Likewise, the constraints for Facilities B and C are
tools #2 and #3 respectively.
Second, it is necessary to limit production of each product to the production targets for
the reasons discussed in section 3.5 and highlighted again at the beginning of this section.
Thus, the 'TOTAL' for each product group must be less than or equal to the 'Production
Targets' input by the operator. The total for each product is simply the sum of the
production across facilities for a given product.
Equation 4.4 Production Target Constraints
Product 'i' Total _: Production Target for Product 'i', for all products.
It would also be feasible to establish a minimum goal for each product which might be
useful if there is a lot of flexibility or uncertainty in the overall production targets. These
could also prove useful during the solution refinement stage discussed in section 4.4.1.1.
Product 'i' Total > Minimum Target for Product 'i', for all products.
Table 4.4 below (an excerpt from Table 4.2) highlights these two constraints. The
'Totals' must be less than the 'Production Targets' and greater than the 'Minimum
Targets'.
Facility A
Required Installed
20 2
2.5 3
3.6 4
......... • ... .. ........... ..
Facility B
Required Installed
1.8 2
2.0 2
2.9 .3
.......................................................
Facility C
Required Installed
2.8 3
3.8 4
5.0 5
.4. ...
Table 4.4 Production Target Constraints
Production Targets 2000! 2000 2000 2000 2000
Minimum Targets 0 0 0 0 0
Totals 2000 V 20001 20001 2000 1700
Finally, there are the constraints which place bounds on the "unknowns." The model at
least requires constraints which restrict the "unknowns" to positive values to prevent the
optimal solution from considering negative production. This restriction is satisfied by
setting the minimum constraints to a value greater than or equal to zero. These minimum
and maximum constraints are especially useful during the solution refinement stage.
Table 4.5 and Table 4.6 establish minimum and maximum constraints of 0 and 999
respectively. When the model is initially run, it is recommended that the minimums be set to
zero (to satisfy the non-negativity constraint) and that the maximums be set arbitrarily high
as to not impact the solution results. See section 4.3.1 for further discussion.
Table 4.5 Minimum Constraints
Minimums I II III IV v
B 0 01 0 0 0
Table 4.6 Maximum Constraints
Maximums I II III IV V
A 999 999 999 999 999
B 999..................... 999   999 999 .....  999
C 999 i 999 999 1 999 i 999
4.2.4 Linear Program Formulation
Ti = Production target for each product 'i'.
ti = Minimum target for each product 'i'.
P i, = Production of product 'i' at facility 'j'.
m = Minimum production of product 'i' at facility 'j'.
M ij = Maximum production of product 'i' at facility 'j'.
fi = Product weighting factors for each product 'i'.
C i(n = Wafer Start Capacity for equipment type 'n' for product 'i'.
I (n) = Number of Installed units of equipment type 'n' at facility 'j'.
Rj(n = Number of Required units of equipment type 'n' at facility 'j'.
Objective Equation: to minimize the weighted sum of under capacity vs. production targets.
Minimize fi * ( Ti - Pi)
where Pi = P i. j Total production of product 'i' (across all facilities).
Constraints:
1. Capacity limitations posed by a fixed installed equipment base. The number of
tools required must be less than or equal to the number installed at each facility.
Rj (n) < Ij (n), for all equipment types 'n' at all facilities 'j' .
where Rj (n) = ~
2. Total production of each product is limited to the production targets.
Pi < Ti, for all products'i'.
3. Total production may also be constrained by minimum targets for each product.
Pi > ti, for all products 'i'.
4. Finally, minimum and maximums can be established for each of the "unknowns."
J{Pi j > m i j) for all products'i' at all facilities ''. I
I {P j M4 j} for all products i' at all facilities 'j'.
4.3 Discussion
4.3.1 Important Points
First, the model does not give "the" solution.
The model provides an optimal solution that serves as a baseline for the maximum
virtual factory wafer starts capacity given a desired product mix. In most cases, there is
flexibility in the product loadings for each facility which can be assessed to a large extent by
looking at the results and determining which equipment is limiting for each facility. If one
or more facilities are constrained by a product insensitive tool, then there is a great deal of
flexibility in the product loadings.
Since multiple optimal solutions are a likely possibility, solution refinement is very
important in order to tailor the results more closely to the desires of each facility. During
this refinement stage it is critical to always compare the results to the baseline solution to
determine the impact, if any, on total wafer starts capacity.
Second, product weighting factors are a powerful tool.
It is important to note that the model optimizes away from products with lower wafer
start capacities. This can be seen in Table 4.2 where the optimal solution results in only
1700 wafer starts for Product V as it is the most capacity intensive product on one or more
of the facility constraints. If the decision was made to produce all 2000 wafer starts of
Product V, the total wafer starts capacity would decrease below 9700 since 300 wafer starts
of capacity for Product V is equivalent to more than 300 wafer starts for the other four
products.
In some cases, it may be desirable to increase production of the more wafer capacity
intensive products at the expense of other products. The reasons, discussed in section
4.1.2, include the number of die per wafer, the expected revenue per wafer, or perhaps the
strategic importance of the product.
The product weighting factors can be used in all of these situations to potentially
improve the results as the scenarios below illustrate.
* If Product I has 50 die per wafer and Product V has 75, then there are 50%
more end products ('good' die) for each wafer of Product V compared to
Product I. Thus, 300 wafer starts of Product V is equivalent to 450 wafer starts
of Product I in terms of 'good' die output. To account for this the product
weighting factors could simply be set equal to the number of die per wafer.
* Revenue per wafer depends on both the number of die per wafer and the revenue
per 'good' die. In most cases this would be an even better basis for product
weighting factors than just the number of die per wafer.
* If a product is of strategic importance, then the product weighting factor can be
set arbitrarily high to force the model to meet the production target for that
product. The model will then optimize around this constraint.
If the products within a group have different characteristics for determining a weighting
factor, an aggregate weighting factor can be determined or the model can be easily adapted
to separate the products into different groups with their own production targets and
weighting factors.
Third, start with the least restrictive operator constraints.
It is desirable to first obtain a solution which is only constrained by the installed
equipment and the production targets in order to establish an optimal baseline. The use of
higher minimums and lower maximums will refine the solution, but it may also lower the
combined wafer starts capacity by limiting the flexibility in production assignments. While
there may be reasons to do this, it is valuable to understand the impact compared to an ideal
(baseline) solution.
4.3.2 Limitations
The primary limitation of the results is that they are based on the expected equipment
capacity metrics rather than current equipment run rates and availability. The expected
metrics are often higher than the actual data because they are used as goals to be attained.
They are not adjusted downward unless it is clear that the equipment runrates or availability
metrics are unattainable. Thus, in general, differences between current and expected
capacity metrics will cause the results to be optimistic.
The model also does not consider operational effects from work-in-process (WIP) and
throughput times. Because of the relatively long cycle time required for semiconductor
manufacturing, the wafer starts in any given period have a significant effect on available
equipment capacities for several months into the future. Thus any significant change in
product mix needs to carefully consider the existing WIP. If the production requirements
for a specific facility shift from a more to a less capacity intensive product mix (which
allows more wafer starts), then the wafer starts should be increased gradually to allow
sufficient capacity to process the existing WIP.
4.4 Improved Planning Process
This section presents an overall method for using the linear optimization program model
as part of the production planning process which includes both solution refinement and
evaluation. This section also discusses the overall methodology and its impact on the
organization as a whole.
4.4.1 Optimization Process
First, the virtual factory production targets must be obtained from the planning
organization including other information necessary to determine product weighting factors
or at least to understand the critical tradeoffs between products. Second, the model is run
with the least restrictive constraints (minimum production targets set to zero, "unknown"
minimums set to zero and maximums set arbitrarily high, no dual-sourcing'0 considerations)
in order to determine an optimal solution which serves as a baseline. Then the solution can
be refined through multiple iterations, considering both current production as well as facility
loading guidelines such as dual-sourcing. Since this is an analytical tool rather than a
complex simulation, the actual running of the model only takes a matter of seconds. Finally,
10 Dual-sourcing, first introduced in section 4.1.2, involves fabrication of specific products at more than one facility to
minimize the inherent risks from production at only a single facility.
the solution should be evaluated to ensure its accuracy and to analyze the effects of any
potential or outstanding changes to the equipment wafer start capacities.
Table 4.7 Process for Using the Optimization Model
4.4.1.1 Solution Refinement
Solution refinement is necessary to meet both big picture considerations as well as
facility specific concerns. These big picture items include dual-sourcing requirements and
minimum production targets while local considerations are based on the current product
mix as well as other items such as site specific product yields. Table 4.7 highlights some of
the steps that can be used during solution refinement.
One method of implementing dual sourcing constraints is to set the maximum for each
"unknown" to some percentage of the production targets. The minimums and maximums
can then be used to further refine the solution more in-line with the existing production
plan. The refinement stage can also be used to assess the impact of different product
weighting factors.
While dual-sourcing requires production at more than one facility, it may also be
desirable to limit production of certain products to only one or two facilities. First, each
individual product has its own set of reticles required for the lithography steps. A complete
set is required for each facility manufacturing that specific product; thus limiting the number
of production facilities reduces the number of sets required. Second, as the number of
products increases at a specific facility, data storage and analysis requirements grow rapidly,
I. Production Targets
II. Baseline Solution
III. Solution Refinement
A. Minimum production targets.
B. Dual sourcing requirements.
C. Facility specific considerations.
D. Product weighting factors.
IV. Solution Evaluation
A. Determine if outstanding changes
negatively impact any non-constraints.
B. Analyze constraints for upside
potential.
C. Identify other possible resource issues.
taxing both physical as well as human resources. Also, because of minor process flow
differences between products, there is potential for increased variability throughout the
manufacturing process as the number of products in a single facility increases.
Throughout this refinement process, the results should always be compared to the
baseline solution to determine the net effects on total wafer starts capacity. It is also
important to fully consider production already in the pipeline when making product mix
changes as discussed in section 4.3.2.
4.4.1.2 Solution Evaluation
Table 4.7 also highlights some of the steps that can be used during the solution
evaluation phase. The first key concern is whether any non-constraints have the potential to
become limiting. This is possible if there is an outstanding change request which reduces
the capacity metrics as a result of lower than expected runrates or equipment availability. A
non-constraint could also become limiting if one or more units are schedule to be taken out
of service for relocation or conversion to a different processing step. If either of these is the
case, the input data should be adjusted and the model should be run again.
The second consideration is to determine if there is any upside potential on the facility
constraints as determined by the model. If any gains exist, the model should be adjusted
accordingly and rerun to determine a new optimal solution. Similarly to above, an
outstanding change request could revise the capacity metrics upward as a result of greater
than expected runrates or availability. Available capacity should also be increased if
additional tools are scheduled for installation over the planning horizon in question.
Other possible considerations include site specific product yields and site specific
capacity metrics as a result of equipment configuration differences. It is also important to
evaluate the impact of a product mix change on the wafer sort process which occurs at the
end of wafer fabrication and is generally very product mix sensitive.
4.4.2 Organizational Implications
The model developed using Microsoft 'Excel' merely represents the quantitative engine
for the overall methodology which significantly benefits the production planning process.
First, the physical model is a powerful tool which rather simply solves the complex task of
ensuring the product allocation process fully incorporates facility equipment capacities.
However, the model itself is merely the analytical portion of the overall methodology which
greatly enhances the level of communication between the planning organization and the
manufacturing engineering groups at each facility. This in turn facilitates improved decision
making through increased feedback of information. This is shown in Figure 4.1 as
contrasted to Figure 3. 1 on page 34.
Figure 4.1 Improved Planning Process
Facility A
Facility B
Facility C
The actual model is owned at the facility level by a joint manufacturing engineering
team. The model provides a solid data foundation that enables this joint manufacturing
engineering team to provide useful feedback to marketing and planning regarding the
tradeoffs between products and their impact on the total virtual factory wafer starts
capacity. It also provides a powerful means to quickly assess the current situation and to
conduct a variety of "what-if" scenarios to determine where opportunities exist to increase
overall wafer starts capacity while eliminating or reducing capital equipment acquisition
requirements.
5. Example Case Study
This chapter presents a case study using a simplified situation consisting of three
production facilities manufacturing three products using four equipment types for the entire
process technology.
5.1 Overview
Consider a semiconductor company with three fabrication facilities capable of producing
a variety of products. The facilities use identical equipment types and the same
manufacturing process technology to produce any of the products simultaneously with
minimal equipment configuration changes between products. These individual products
have slightly different process flows and recipe differences in addition to product specific
lithography masks. This in turn results in product specific wafer start capacities as
discussed in section 2.3.2.
Section 5.2 presents the current situation with detailed information about the installed
equipment base and the current product mix at each facility. The goal of this chapter is to
start with this current situation and determine a better allocation of product loadings which
increases combined wafer starts capacity. Section 5.3 presents a solution using a general
form of the optimization model and section 5.4 explains the results in detail. The purpose
of this last section is to develop a more intuitive understanding of the results and more
importantly to physically show the magnitude of solving even a simple problem by
traditional means.
5.2 Initial Conditions
For this case we will consider only three products called Product I, Product II, and
Product HI. Section 5.2.1 presents the wafer start capacity (WSC) data for each tool for
each product and section 5.2.2 calculates the installed equipment base existing at each
facility. The equipment sets at each facility are assumed identical with the exception of the
number of installed units as the facilities differ in size and overall capacity.
5.2.1 Wafer Start Capacity Data
Each tool has a WSC metric for each product which represents the capacity available
from a single unit of this equipment type in wafer starts per unit time. As Table 5.1 shows,
tool #1 is product sensitive with respect to capacity as the WSC metrics differ by product.
For tool #1, Product I is the most capacity intensive with the lowest WSC of 400 versus
482 for Product II and 506 for Product HI. Tool #2 is also product sensitive, but Product
III is the most capacity intensive since it has the lowest WSC. Tools #3 and #4 are product
insensitive tools as they have the same WSC regardless of the product.
Table 5. 1 Wafer Start Capacity Data
Products
Tool I II III
1 400 482 506
2 571 595 539
3 555 555 555
4 600 600 600
These three products were developed separately with Product I introduced first.
Product II utilizes a subset of the steps for Product I resulting in higher WSC metrics for
Product II on tools #1 and #2. Product III is a new offering with some process flow
differences again impacting the WSC metrics on tool #1 and tool #2. However, this
product is actually more capacity intensive than Product I on tool #2 (as indicated by the
lower WSC metric), but considerably less intensive on tool #1 where it has the highest WSC
metric.
5.2.2 Installed Equipment Sets
The three facilities came up to production at different times with unique production
targets in terms of both total capacity and product mix as shown in Table 5.2.
Table 5.2 Initial Production Targets
Products
Facility I II III Total
A 2000 0 0 2000
B 1200 1800 0 3000
C 0 2000 2500 4500
3200 3800 2500 9500
Facility A started production based on 2000 wafer starts of capacity for Product I. Then
Facility B, a larger site, came up to production in conjunction with the introduction of
Product II resulting in a planned capacity of 3000 wafer starts for a 40/60 mix of Products I
and II. Finally, Facility C, the largest site, was introduced along with the introduction of
Product III. At this point, the total production capacity was 9500 wafer starts with 3200
for Product I, 3800 for Product II, and 2500 for Product III.
Before we try to optimize the situation, we need to determine the installed
equipment base at each facility. Specifically, how many units of each tool
are installed at each facility based on the production targets in Table 5.2?
The results, calculated using Equation 2.10, are determined essentially by dividing the
production capacity required by the respective WSC metric for each tool. Table 5.3 shows
the results for Facility A with production based entirely on Product I.
Table 5.3 Installed Equipment Set (Facility A)
Production Targets Number
I II III ofTools
Tool 2000 0 0 Required
1 5.0 = 2000/400 5.0 --> 5
2 3.5 = 2000/571 3.5 --> 4
3 3.6 = 2000/555 3.6 --> 4
4 3.3 = 2000/600 3.3 --> 4
Although this method results in an equipment set that is roughly balanced (in terms of
capacity), one or more tools stand out as constraints because of the integer quantities of
tools. For Facility A, the resulting constraint is tool #1 which requires exactly 5 units to
meet a production goal of 2000 wafer starts. For the remaining three tools, there is some
excess capacity available above the fractional number of tools required. It is because of this
excess capacity on some tools that opportunity exists to gain capacity by reallocating
product loadings across the facilities. Section 5.3 explains this in more detail.
The calculations are similar for facilities B and C. However, for these facilities, the
fractional number of tools required is calculated for each product and then the sum is
rounded up to the nearest integer. This method assumes that equipment configuration
changes between products are either negligible or included in the WSC metrics.
Table 5. 4 Installed Equipment Set (Facility B)
Production Targets Number
I H III of Tools
Tool 1000 1800 0 Required
1 3.0 3.7 - 6.7 --> 7
2 2.1 3.0 - 5.1 --> 6
3 2.2 3.2 - 5.4 --> 6
4 2.0 3.0 - 5.0 --> 5
For Facility B, the resulting constraint is tool #4 as exactly 5 units are required to meet
the total capacity of 3000 wafer starts. Facility C's constraint is tool #2 with exactly 8 units
required for the combined production goal of 4500 wafer starts.
Table 5.5 Installed Equipment Set (Facility C)
Production Targets Number
I I III of Tools
Tool 0 2000 2500 Required
1 - 4.1 4.9 9.1 --> 10
2 - 3.4 4.6 8.0 --> 8
3 - 3.6 4.5 8.1 --> 9
4 - 3.3 4.2 7.5 --> 8
Problem Statement:
Now that we understand the existing situation, can additional
wafer start capacity be achieved by simply reallocating the
production targets across the three facilities? In particular,
the goal is to achieve total production capacity of 10,000
wafers starts with 3500 for Product I, 4000 for Product II,
and 2500for Product III.
This would represent an increase of 500 wafer starts in
combined capacity versus the current production of 3200 for
Product I, 3800 for Product II, and 2500 for Product III.
5.3 Optimization Model
A general form of the linear optimization program presented in section 4.2 can be used
to determine an optimal product loading for each facility that maximizes the combined
wafer starts capacity. Recall that the resulting solution must be limited by the overall
production targets so that overproduction of one product does not offset underproduction
of another product when attempting to maximize wafer starts capacity. Without this
constraint, the model will simply recommend using all capacity for the 'easiest' (least wafer
capacity intensive) products.
5.3.1 Model Solution
The three primary operator inputs to the model are the new production targets of 3500,
4000 and 2500 for Products I, II and EI respectively. These are represented by the light
shading in Figure 5.1 below. The dark shading represents the "unknowns" which are the
resulting output from the model While we do not quite reach 10,000 wafer starts with the
new product loadings, we show a significant gain over the original case which was only
9500 wafer starts total. By reallocating the products across the three facilities, we gain 439
wafer starts. The total for Product I increases from 3200 to 3439, and the total for Product
II increases from 3800 to our goal of 4000 wafer starts. The total for Product III remains
the same at 2500 wafer starts.
Figure 5.1 Linear Optimization Model
The recommended product loadings are significantly different from the current product
loadings shown in Table 5.2 on page 55. In section 5.3.2 we take a closer look at the
model's results by analyzing the resulting equipment requirements. Before we move on,
note that this solution recommends producing all of Product II at Facility C; thus some
refinement and possible tradeoffs are needed to meet any dual sourcing requirements.
5.3.2 Constraint Analysis
By comparing the equipment requirements to the installed equipment, we can determine
the resulting constraint at each facility. In Figure 5.2, the dark shading indicates the
constraints and the light shading indicates the near constraints.
Figure 5.2 Analysis of Facility Constraints
Equipment Metrics Facility A Facility B Facility C
(WSC Data per Unit) Tools Tools Tools Tools Tools Tools
Tool I HII III Installed Required Installed Required!Installed Required
1 400 482 506 5 4.99 7 6.85 10 10.00
2 571 595 539 4 4i00 6 5.38 -*. :•L::
3 555 555 555 4 . 6 5.41 9 8.50
4 600 600 600 4 3.70 ~ ~ 8 7.86
Production Targets
I II II Total
35i00 ? 40 2,00 10,000
Facility
A 8 2,220
B 3,000
C 00 4,719
Total 3,439 4,000 2,500 9,939
Delta 61 0 0 61 j
Under the original product loading, Facility A was limited by tool #1 with 100% of the
capacity dedicated to Product I. By shifting some of the production to Product Ill, we gain
wafer start capacity on tool #1 because the WSC is much higher for Product HI. The new
resulting constraint is tool #3 (with tools #1 and #2 near constraints). Since tool #3 is a
product mix insensitive tool (as indicated by the same WSC metric regardless of product),
no further increase in wafer start capacity can be achieved by adjusting the product mix.
From Figure 5.1 we see that Facility A's new total is 2220 wafer starts as expected from 4
units of tool #3 at a WSC of 555 wafer starts (4 * 555 = 2220).
Similar to Facility A, Facility B's constraint is also a product mix insensitive tool, so no
further increase in capacity can be achieved by changing the product mix. Since tool #4 was
also Facility B's initial constraint, there is no increase in output at Facility B as a result of
the new product mix.
For Facility C, the new constraint is tool #2 with tool #1 a near constraint. Since both
of these tools are product sensitive, any deviation from the recommended product mix will
likely reduce wafer starts capacity. For tool #2, Product II has the highest WSC, thus it is
desirable to maximize production of this product at Facility C. The recommended solution
concurs with this assumption as all 4000 wafer starts of Product II are designated for
Facility C. Thus, Facility C's wafer start capacity can only be increased by increasing the
production target for Product II, albeit at the expense of either Product I or II.
5.3.3 Summary of Results
Table 5.6 which follows summarizes the results by comparing the original product
loadings to the recommended results from the optimization model.
Table 5.6 Summary ofProduct Loadings
Factory A
Original
Optimal
Factory B
Original
Optimal
Factory C
Original
Optimal
TOTAL
Original
Optimal
NET
Product Loadings
I HI m
2000 - -
1142 - 1078
1200 1800 -
1760 - 1240
- 2000 2500
537 4000 182
3200 3800 2500
3439 4000 2500
+239 +200 0
5.3.4 Linear Program Formulation
The linear program formulation for this case study is detailed in Appendix A.
5.4 Detailed Analysis
The intent of this section is to start with the base case and attempt to determine the
results by a more traditional means without the use of a linear optimization program. The
purpose here is twofold. First, the analysis will allow us to better comprehend the results
presented in section 5.3. Second, it will provide an opportunity to understand the
magnitude of the problem complexity.
The overall goal is to gain capacity 'essentially for free' by reallocating the products
across facilities to ease specific constraints at each facility. In the base case, each facility
has a different constraint with tools #1, #4 and #2 limiting at Facilities A, B and C
respectively. For each of these constraints, there is extra capacity available on the same
Total NET
2000
2220 +220
3000
3000 0
4500
4719 +219
9500
9939 +439
equipment type at the other facilities. Thus opportunity exists to redistribute the product
mix across the facilities to better utilize available equipment capacities.
5.4.1 Capacity Analysis
The facility constraints can be analyzed by determining the available capacity for each
equipment type. Since the available equipment capacities are simply the product of the
number of installed units of each tool and the wafer start capacity for a single unit, the
equipment capacities vary by product with the WSC metrics. Starting with Facility A, we
will analyze the impact of product mix on each facility's available equipment capacity.
5.4.1.1 Facility A
Table 5.7 Maximum Capacities (Facility A)
Facility A Maximum Capacities
Tool Units I II III
1 5 2000 2410 2530
2 4 2284 2380 2156
3 4 2220 2220 2220
4 4 2400 2400 2400
In Table 5.7 for Facility A, the constraint for each product is the tool with the lowest
available capacity. For Product I, the constraint is tool #1 at 2000 wafer starts. Likewise,
the constraints are tool #3 for Product II at 2220 and tool #2 for Product m at 2156. Thus,
depending on the product mix for Facility A, the constraint can change between tools #1, #2
and #3. Regardless of the product mix, the maximum capacity attainable for Facility A is
2220 wafer starts from tool #3 which is product insensitive with respect to capacity.
Tool #1 or #2 only become limiting when there is sufficient volume of Product I or
Product HI respectively. The break-even analysis shown in Figure 5.3 and calculated in
Equation 5.1 below are useful for determining how much of Facility A's production can be
either Product I or Product m1 without reducing total wafer starts capacity below 2220.
Figure 5.3 Facility A -- Tool # 1 and Tool #2 Sensitivities
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Equation 5. I1 Break-Even Calculations for Facility A
Product I (vs. Proutn): 2410 - 410* A = 2220 ---- Ai = 927
2000
Product I (vs. Productm): 2530 - * Ai = 2220 ---- Ai = 1170
2000
Product I (vs. Product): 2284 - 128* Am = 2220 - Am = 1078
2156
Product (vs. Product n) 2380 - 224* Am = 2220 -----+ Am = 1540
2156
The results reveal that Facility A's maximum capacity of 2220 wafer starts is not
impacted as long as production of Products I and III are less than 927 and 1078
respectively. If there is no production of Product II, such that the production decision is
between Products I and III, then Product I can be as high as 1170 without impacting the
maximum capacity of 2220 wafer starts. Likewise, Product III can be as high as 1540
wafer starts.
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Table 5.8 Maximum Capacities (Facility B)
Facility B Maximum Capacities
Tool Units I II III
1 7 2800 3374 3542
2 6 3426 3570 3234
3 6 3330 3330 3330
4 5 3000 3000 3000
Table 5.8 for Facility B indicates the constraints are tool #1 for Product I and tool #4
for Products II and II. Facility B's maximum capacity is limited to 3000 wafer starts by
tool #4 which is product mix insensitive. Tool #1 only becomes limiting with sufficient
production of Product I. The break-even analysis shown in Figure 5.4 and calculated in
Equation 5.2 indicates that Facility B's capacity is not limited as long as production of
Product I is less than 1842 wafer starts. It can increase as high as 2045 if the product mix is
split between Products I and III as opposed to Products I and II as the WSC for Product HIl
is greater than the WSC for Product II on tool #1.
Figure 5.4 Facility B -- Tool # 1 Sensitivity
'..;.:.::i~iiiiirii:i::.i:. " ::::li:i• ::..i l ?::i ? ' j i  .::.-8..: .-.i::i :i......
. 3200 : .-.'A Tool.4
Equation 5.2 Break-Even Calculationsfor Facility B
574Product I (vs. Productn): 3374 -574 BI = 3000 ---- " BI = 1842
2800
742
Product I (vs. Produclln): 3542 - * BI = 3000 ----- Bi = 20452800
5.4.1.2 Facility B
5.4.1.3 Facility C
Table 5.9 Maximum Capacities (Facility C)
Facility C Maximum Capacities
Tool Units I II III
1 10 4000 4820 5060
2 8 4568 4760 4312
3 9 4995 4995 4995
4 8 4800 4800 4800
The data in Table 5.9 for Facility C reveals that Product I is constrained by tool #1
while Products H and III are constrained by tool #2. In this case, Facility C's maximum
achievable capacity is 4760 wafer starts and this only occurs when production is 100%
Product II. Since tool #2 is the facility constraint and the WSC metrics are lower for
Products I and II, any production of Products I or L reduces the overall production
capacity. If 100% production of Product II is not desired (based on the overall production
targets), it is better to produce Product I over Product n based on the WSC metrics for
tool #2. However, as the volume of Product I increases, tool #1, also a product mix
sensitive tool, becomes limiting. The break-even analysis shown in Figure 5.5 and
calculated in Equation 5.3 compares production of Product I versus Product HI. For
production of greater than 368 wafer starts for Product I, tool #1 becomes the facility
constraint over tool #2.
Figure 5.5 Facility C -- Tool # I Sensitivity
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Equation 5.3 Break-Even Calculations for Facility C
820 192Product I (vs. Product u): 4820 - * CI = 4760 - 192 * CI --- C = 368
4000 4568
5.4.2 Product Allocation Decision
Using the same problem statement presented at the end of section 5.2, we will attempt
to determine a product allocation scheme for a total production capacity of 10,000 wafers
starts with 3500 for Product I, 4000 for Product II, and 2500 for Product HI. Since Facility
C is the most sensitive to the product mix, we will first try to determine a product loading
for Facility C that maximizes its wafer starts capacity and then we will move onto Facilities
A and B. It is important to keep in mind, however, that optimization at each facility may
result in sub-optimization for the whole.
For Facility C, maximum capacity of 4760 wafer starts is only achievable with 100%
Product II. This means we should produce as much of Product II at Facility C as possible,
limited only by Facility C's capacity and the production target for Product II. In this case,
the production target for Product H is only 4000 wafer starts; thus we will allocate all of
Product II to Facility C and use the remaining capacity for Products I and Il.
Now we need to determine how best to use the remaining capacity at Facility C for
Product I (which is limited by tool #1) and Product HI (which is limited by tool #2). Since
the remaining capacity on tool #2 is past the break-even point for incremental addition of
Product I, there is an optimal mix between Products I and II which maximizes wafer starts
capacity for Facility C. For tool #1, 4000 wafer starts of Product II requires 83% (4000 /
4820) of the available capacity leaving 17% for Products I and III. Likewise for tool #2,
4000 wafer starts of Product II requires 84% (4000 / 4760) of the available capacity leaving
16% for Products I and HI. For tool #1 it is better to produce Product III and for tool #2 it
is better to produce Product Im. The calculation in Equation 5.4 shows the balance point
between Products I and III such that tools #1 and #2 are equally limiting.
Equation 5.4 Utilization of the Remaining Capacity at Facility C
CI CmTool #1 : + - 0.17
4000 5060
CI CmTool #2 : + - 0.16
4568 4312
SCi = 537
--- Cm = 182
The results are determined by solving two simultaneous equations: one for tool #1 and
one for tool #2. C and C m are the resulting optimal production quantities for Products I
and II respectively. Thus the production plan for Facility C is'537 for Product I, 4000 for
Product II and 182 for Product Ill for 4719 wafer starts total. This represents an increase
of 219 over the original production of 4500 wafer starts. Note that these results are also
the same as those obtained in section 5.3.1 using the linear optimization model.
The remaining production targets for Facilities A and B are 2963 for Product I and
2318 for Product III for a total of 5281 wafer starts. The available capacities are 2220
maximum for Facilities A and 3000 maximum for Facility B for 5220 wafer starts total.
Since this is less than the remaining production targets, the best we can do is 61 wafer starts
short of the production targets. Since all of Product II has been allocated, we only need to
consider the tradeoffs between Products I and EII for Facilities A and B. Product I is
limiting at both facilities while Product III is only limiting at Facility A.
Considering Facility A next, the break-even points are 1170 for Product I and 1078 for
Product M. The total capacity is 2220 wafer starts as long as Products I and III are below
these break-even points. This results in a small band of flexibility as production of Product
I can vary from 1142 (based on 2220 total minus 1078 maximum for Product I) to 1170
wafer starts. Likewise, production of Product III can vary from 1050 (based on 2220 total
minus 1170 maximum for Product I) to 1078 wafer starts. In either the case, the remaining
production goals are 3061 for Products I and III.
This leaves us with Facility B. Again only considering Products I and II, the break-
even point 2045 for Product I. Thus 3000 wafer starts is achievable as long as Product I is
less than 2045 which is satisfied regardless of the product mix chosen for Facility A.
The net result is that the production targets can be met with the exception of 61 units of
either Product I or III. This shortfall can come at the expense of either Product I or III or a
mix of the two. This concurs with the results obtained in section 5.3.1 using the linear
optimization model. As Figure 5.1 shows, the results for Facility A are within the bounds
discussed above and the final solution has a 61 unit shortage for Product I.
5.4.3 Discussion
As can be seen, this method is tedious even for a simple problem. Complexity grows
very quickly as the number of facilities, products, and tools increases. The problem is
further complicated in real life because the equipment capacities and installed equipment
sets change with time, thereby impacting the break-even calculations.
Additionally, this manual process would ordinarily involve several iterations as decisions
need to be evaluated in terms of the overall system as near constraint can quickly become
limiting as the product mix changes. Optimization at one facility will likely result in sub-
optimization for the whole. This would have happened in this case if we had optimized the
three facilities in a different order.
Finally, it would be almost impossible to incorporate the concept of product weighting
factors into this more traditional means of production planning. Due to the complexities
involved, traditional production planning most likely results in sub-optimal solutions.

6. Equipment Sharing Across Process Technologies
What exactly does equipment sharing across process technologies really mean?
Interpretation may vary considerably depending on the industry, the environment, the
context, and even the individual. From a broad perspective, "equipment sharing" is the
ability to use equipment as installed for multiple products and manufacturing processes.
The emphasis here is on 'as installed' to distinguish between major equipment conversions
which are 'hard' changes outside the scope of sharing, and equipment setup requirements
which are 'soft' changes that meet this definition of sharing.
Process technologies are typically characterized by ever smaller minimum feature sizes.
This results in significant process flow variations for the reasons discussed in section 2.2.2.
However, "across process technologies" refers more generally to all manufacturing process
flows that may be used simultaneously in one or more facilities. While equipment sharing is
applicable across any number of different process technologies, we will consider only two
process technologies to simplify the remaining discussion. First, assume there is a current
process technology running at high volume across multiple facilities similar to the case
described in Chapter 4. Second, assume the next generation process technology is well into
the development stage with equipment sharing as one of its key priorities.
Section 6.1 further introduces the idea of equipment sharing and its applicability in the
current competitive environment. Then section 6.2 expands on the basic definition of
equipment sharing into more specific categories based on the degree of 'sharability'.
Finally, section 6.3 introduces the analytical approach used to assess some of the benefits of
equipment sharing and section 6.4 discusses manufacturing flexibility as it applies over the
longer term
6.1 Introduction
The potential benefits from equipment sharing are tremendous, but so are the
technological risks. Primarily as a result of this uncertainty, equipment sharing has not been
considered for recent process technology introductions. While equipment sharing occurs
between established process technologies in older facilities, the potential to negatively
impact the startup and capacity ramp on the new process technology is significant as are the
risks to continued production on the current process technology.
Additionally, facilities have not been faced with running multiple process technologies at
the same time. Recent process technologies have either involved complete conversion at an
existing facility or introduction into new facility. Now, however, equipment sharing is
becoming both more applicable and necessary as equipment costs escalate and the
tremendous size of modem fabrication facilities calls for multiple process technologies
running simultaneously in a single facility.
6.1.1 Equipment Sharing versus Equipment Reuse
Higher equipment costs have already forced companies to focus on reusing as much
equipment as possible from one process technology generation to the next. As process
technology life-cycles become shorter, it is necessary for process development groups to
leverage existing equipment sets as much as possible when designing the next process
technology in order to meet increasing pressures to reduce costs and development time.
This increasing emphasis on equipment reuse combined with shorter process technology
life-cycles has resulted in greater compatibility from one process technology to the next.
Thus opportunity exists to expand on equipment reuse and leverage the existing process
technology rather than just the existing equipment base in order to design a highly capable
new process technology in a relatively short order. The reduced time span between process
technologies also results in fewer advances in the processing equipment, enabling the
process development groups to rely heavily on the current process technology without
limiting the new process technology.
While equipment sharing can be viewed as a natural extension of the goal to reuse
equipment for multiple process technology generations, it is important to keep the
distinction between equipment sharing and equipment reuse clear. Whereas equipment
sharing means that installed equipment can be used to perform production steps for more
than one process technology, the reuse of capital equipment simply implies that the
equipment can be converted for use in the next process technology generation. Conversion
may take several months and in most cases converted equipment cannot be utilized for
previous process technologies, at least not without significant redevelopment of these older
process technologies.
6.1.2 Equipment Sharing Within a Process Technology
Equipment sharing across process technologies is also an extension of equipment
sharing within a process technology. As discussed in section 2.1.2, for a given process
technology, hundreds of processing steps are performed using only a few dozen different
equipment types. This means that the installed equipment is required to perform multiple,
often very different processing steps throughout the fabrication process.
Thus, the concept of equipment sharing is definitely feasible from a technological
standpoint as many of the considerations which affect equipment usage within a process
technology are directly applicable to equipment sharing across process technologies. The
key distinction is that equipment sharing within a process technology is designed into the
process whereas the development efforts for separate process technology generations occur
at different points in time with diverse priorities.
6.2 Equipment Sharing Categories
The first question is what equipment should be shared? Obviously, it would be ideal if
every equipment type could be shared across all process technologies. This is impractical,
however, as processing equipment advances and new technological requirements necessarily
drive change.
As stated in section 2.2.2, new process technologies are based on ever smaller line
widths which require more than just improved lithography capability. As line widths
change, so does much of the process flow. For example, as the width of metal lines
decreases, the height must invariably increase in order to maintain sufficient cross-sectional
area for good current flow. This drives significant changes in the process flow as new
techniques are required to produce higher aspect ratio" metal lines.
6.2.1 Extent of Equipment Sharing
While the eventual goal is to share all equipment unless technological differences are
necessary to enable the new process technology, initial efforts have focused on sharing
equipment wherever it is reasonable and low risk. These terms, reasonable and low risk, are
very nebulous and as a result conservative in nature. The apparent wide gap between these
conservative short-term goals and more optimistic long-term goals combined with limited
time and resources has made it necessary to prioritize equipment types based on the
feasibility and resulting value of sharing.
An early definition of reasonable and low risk is the ability to process wafers for the new
process technology immediately after wafers from the current process technology without
requiring configurations changes, requalification, or seasoning. 2 While this may be a valid
prerequisite for sharing equipment on a daily basis, it is too narrow in focus relative to the
earlier definition of equipment sharing. The ability to use equipment as installed for either
process technology provides significant value even if the equipment will be dedicated to one
process or the other as a result of extensive setup requirements or interaction effects. 13
6.2.2 Specific Equipment Categories
Previously, equipment could be divided into two categories: (1) unique and (2)
convertible. Unique refers to new equipment types that are specific to a process technology
either to enable the new process technology or for other more strategic reasons such as cost
or equipment supplier relationships. The remaining equipment falls under the umbrella of
1 The aspect ratio represents the height relative to the width. As the height increases and the width decreases, the
aspect ratio becomes larger. For semiconductor fabrication, this means the etch patternms are both narrower and
deeper. Wolf and Tauber [ 27 ] point out that "the greater the aspect ratio, the more difficult it is to cover the 'step'
without thinning of the (metal) film (layer)."
2 Seasoning refers to the extra time required to stabilize the process and reduce variability before the processing of
production wafers begins.
13 Interaction refers to the possibility of a previous setup causing undesirable effects during subsequent production even
after requalification and seasoning
equipment reuse where already installed equipment can be converted for use in the new
process technology.
In many cases, reuse involves extensive equipment conversions to capture drastic
changes in the manufacturing process or technological advances in the processing
equipment. In other cases, equipment conversions are required simply because the process
development efforts occurred at separate times resulting in process flow differences. With
some additional effort, many of these relatively unnecessary differences can be eliminated
making it possible to expand equipment reuse into equipment sharing.
With the concept of sharing, there are two new categories: (3) 'qualifiable' and (4)
'sharable.' These two new classifications do not preclude the initial two categories as there
are still process specific tools as well as equipment that can be converted but not used as
installed for either process technology. Even though these new categories fall under the
general definition of equipment sharing, there are significant differences between
'qualifiable' and 'sharable' which need to be addressed.
6.2.2.1 'Qualiflable' versus 'Sharable'
If equipment can be used for either process technology as installed, then it is
'qualifiable' on both process technologies. 'Sharable' represents equipment types that are
not only 'qualifiable' on either process technology but that can be used on a daily basis with
minimal impact on capacity and without undue risk to process capability.
In this context, 'qualifiable' means that the equipment can be converted between
process technologies quickly relative to a standard equipment conversion. This is called
'fast conversion.' This may involve equipment setup, requalification and any run-in
requirements, but no physical installation changes such as new gas lines. While this may
take a couple of hours to several days, it is insignificant compared to a typical multi-month
conversion in terms of both the time required and the expense involved.
In order to determine if equipment is 'sharable' on a daily basis, there are two key
considerations. First, what is the impact on available capacity, and second, is there any
potential to impact process capability? If sharing involves significant configuration changes
(including physical setup, requalification and any run-in requirements), then the equipment
capacity will obviously be impacted as the equipment availability decreases. Capacity may
also be affected for other reasons such as convergence of preventive maintenance
requirements to those of the more restrictive process technology.
The other key consideration is whether equipment, once installed, should be
intentionally dedicated to one of the process technologies for technical reasons. If there are
possible interaction effects between the process technologies such that line yields, die yields,
or even bin splits could be adversely affected, it may not be desirable to use the same piece
of equipment for both process technologies. Even simple configuration changes have the
potential to significantly increase variability and thus reduce overall process capability.
While dedication precludes sharing equipment on a daily basis, 'qualifable' equipment still
provides significant value in being able to switch capacity from one process technology to
the other in relatively short order.
Thus, 'sharable' equipment is characterized by negligible impact to process capability as
well as minimal setup, qualification, and seasoning requirements. This roughly meets the
conservative definition presented earlier which suggested 'sharable' equipment should be
able to process wafers from either process technology one right after the other.
6.2.2.2 Summary of Equipment Categories
Table 6. 1 summarizes the four different equipment categories with their overall strategic
impact. Convertibility has been the emphasis of prior development efforts such that already
installed equipment can be reused for more than one process technology generation.
'Qualifiable' equipment expands on equipment reuse and allows for 'fast conversion' which
means the equipment can be converted from one process technology to the other in a matter
of hours to days rather than months. Finally, equipment sharing on a daily operational basis
is only possible if the equipment is 'sharable' which implies that configuration changes and
technological risks are insignificant.
Table 6.1 Equipment Categories
Category Impact
Unique ------ > Process Specific
Convertible ------ > REUSE
'Qualifiable' ------ > Fast Conversion
'Sharable' ------ > SHARING
As stated in section 1.2, the development goal has been to reuse at least 70% of the
equipment from one process technology generation to the next. This means the process
specific category should account for less than 30% of the total. Obviously, the goal is to
reduce this even further. With the advent of equipment sharing, the goal is also to shift as
much equipment as possible from the convertible category to the 'qualifiable' and 'sharable'
categories. This is no easy task as technological requirements and separate development
efforts result in a number of differences between the process technologies.
If the distinctions between process technologies are significant, it is unlikely that the
equipment will be 'sharable.' It is possible, however, for this equipment to be 'qualifiable'
as long as the differences are not hardware related. For example, if the process
technologies have different gas requirements, the equipment can be made qualifiable by
including a separate line for each gas during equipment installation. While this would make
the equipment "qualifiable," it would likely preclude sharing as the equipment would have
to be thoroughly purged and requalified when switching between process technologies.
In many cases, the differences will be compatible or even non-existent. If this is the
case, the equipment will fall into either the 'qualifiable' or 'sharable' category. With a
strong focus on equipment sharing from the beginning, the discrepancies can be minimized
such that a large portion of the equipment can be used for either process technology. Even
if technological requirements do result in significant differences, it is possible to obtain some
convergence by redesigning the existing process technology to be more compatible with the
new process technology.
6.3 Analytical Approach
A separate model was created incorporating both the current and the new process
technologies into a single facility. It is based on the standard capacity calculations
introduced in section 2.3. The data includes equipment capacity metrics for each of the
process technologies. The model also incorporates assumptions for which equipment types
are expected to be 'sharable' or 'fast convertible' between the process technologies.
For a desired wafer starts capacity on the current and the new fabrication processes, the
model initially calculates the equipment requirements separately for each process
technology. The number of units required for each equipment type is determined by
dividing the desired capacity by the corresponding wafers start capacity per unit for each
equipment type. These values are then rounded up to the nearest integer as explained in
section 2.3.2.2 and shown in Equation 6.1 below.
Equation 6.1 Equipment Requirements without Sharing
Units Required(witiout Sharing) = Round UP (Capacity) current rocess + Round UP (Capaity) New ProcessWS C Current Process WS C New Process
In actuality, the situation is further complicated by the desire to have at least two units
of each equipment type whether or not they are both required for capacity. This is often
referred to as redundancy. For example, even if only 0.8 units are required for capacity, the
facility will have two units installed; if 1.8 units are required, the facility will also have two
units installed. The goal is to ensure that at least some capacity is available in the event of a
serious equipment malfunction. Although redundancy is not intended to provide excess
capacity in all cases, it ensures that a single equipment breakdown does not leave the facility
with no available capacity as would be the case with only one installed unit.
Once the baseline equipment set is determined, the model can be used to assess the
impact of equipment sharing across process technologies. This analysis includes possible
wafer starts capacity gains and process mix flexibility as well as equipment savings. For
example, with equipment sharing the calculated number of units required is added together
prior to rounding up as shown in Equation 6.2 below. This may reduce the total number of
units required if the fractional unit requirements adds up to less than one. Furthermore,
excess redundant equipment can be eliminated as long as the combined equipment set
includes at least two units.
Equation 6.2 Equipment Requirements with Sharing
I(Capacity) Currmt Process (Capacity) New Process
Units Required (with Sharing) = Round UP +
WSC Current Process WSC New Process
The analysis in Chapter 7 compares the impact of two different equipment sharing
assumptions to the base case which assumes no equipment sharing. These assumptions are
based on limited and extensive equipment sharing lists. The limited sharing list assumes
two-thirds of the equipment is common between the process technologies where half can be
shared and the other half can be 'fast converted.' Thus, one-third of the equipment is
'sharable,' another third is 'fast convertible,' and the last third is process technology
specific. The extensive sharing list further assumes that all of the common equipment can
be shared meaning two-thirds of the equipment is 'sharable' and the remaining one-third is
process technology specific.
6.4 Flexible Manufacturing Systems
Flexible manufacturing is commonly defined as the capability of equipment to produce
multiple products. Li and Tirupati [ 16 ] state that the traditional approach to flexible
technology "strongly depends on scale economies, demand patterns, and relative costs of
dedicated (versus flexible) technologies. Typically, the tradeoff is between increased
flexibility to meet variations in product mix and higher investment cost. The objective is to
minimize total discounted investment cost (necessary) to satisfy the product demands over a
planning horizon." Similarly, Van Mieghem [ 25 ] says that the decision to invest in flexible
versus dedicated resources is "a function of the investment costs, product profit margins,
and demand uncertainty. The flexible resource provides the firm with a hedge against
demand uncertainty, but at a higher investment cost than the dedicated resources."
Fine and Freund [ 7 ] agree that "flexible capacity (provides a) hedge against uncertainty
in future demand." They also point out that flexible technology "adds to a company's
ability to rapidly introduce new products." Moreover, they state that '"negatively
(positively) correlated products enhance (detract from) the value of flexible capacity."
Thus, positively correlated products make flexible capacity less valuable. While this makes
sense in most circumstances, Van Mieghem [ 25 ] disputes this point by saying that
"contrary to the intuition prevalent in the academic literature, it can be advantageous to
invest in flexible resources even with positively correlated product demand."
As product and process technology life-cycles become shorter, typical planning horizons
encompass multiple products and process technology generations. Thus it is crucial for a
company's concept of flexibility to not be too narrow in focus such that it only provides
versatility across products within a given process technology. For the longer term,
flexibility across product and process generations is the ultimate goal. This concept is often
referred to as agile manufacturing.
A 1993 article titled Beginning the Agile Journey [ 6 ] defines agility as "an overall
strategy focused on thriving in a continuously changing, unpredictable environment."
Agility addresses the capability of a company to operate across product life-cycles and
manufacturing process technology generations. The article goes on to say that "knowing
the ultimate goal is agile should help set priorities and transition sequence." This is a key
point which directly applies to the concept of equipment sharing. If the new process
development effort is viewed in isolation, then equipment sharing will appear to add
complexity, cost, and technological risk with little to show in return. However, when
equipment sharing is considered from a strategic point of view across process technology
generations, its impact is potentially very significant.
7. Analysis of Equipment Sharing
The most frequently stated goals for equipment sharing are threefold. First, equipment
sharing will reduce costs by eliminating capital acquisition requirements for those equipment
types that are 'sharable.' Second, equipment sharing will maximize wafer starts capacity by
better utilizing all available equipment capacities and fabrication facility 'clean-room' floor
space. Third, equipment sharing will allow for rapid transition between process
technologies to better match production capability with product demands.
There are two primary questions which must be answered. First, to what extent will
these benefits be realized given that only some of the several dozen processing equipment
types are similar enough to be classified as 'qualifiable' or 'sharable'? Second, how
significant are the technological risks and added complexity during both process
development and eventual high volume manufacturing?
7.1 Benefitsfrom Equipment Sharing
The ability to share equipment has benefits and applicability during both process
technology conversions and eventual production on multiple process technologies in a
single facility. Over the short run, equipment sharing can reduce capital acquisition
requirements and increase time-to-money on the new process technology. Over the long
run, equipment sharing will resemble both flexible manufacturing for improved management
of facility constraints and agile manufacturing allowing production capacity to be realigned
to meet changing product demands.
Table 7.1 highlights the benefits from equipment sharing. These include the items
discussed above plus opportunity to further leverage past learning at both the development
and manufacturing sites. This may help speed up the manufacturing development process,
shorten technology transfer times, improve manufacturing yields and equipment utilization,
and reduce workforce size and training requirements.
Table 7. 1 Key Benefits from Equipment Sharing
Capital Equipment Savings Reduced capital equipment requirements.
* Lower equipment conversion costs.
.... ........ ............................ .............. r . . ...... .................................................................... . ...........
Flexible Manufacturing I Improved constraint management result-
ing in lower WIP and throughput times.
Increased Capacity * Excess equipment capacities can be
exploited across process technologies.
Agile Manufacturing I Process mix flexibility to meet changing
product demand requirements.
Faster Time-to-Money * Fewer tools need to be installed to have a
complete set of processing equipment.
Improved Learning Curve * Further leveraging of past learning.
7.1.1 Capital Equipment Savings
One of the most tangible benefits from equipment sharing is reduced capital acquisition
requirements as excess capacity from the current process technology can be utilized for the
new process technology. Consider a single facility operating at a capacity of 3000 wafer
starts for the current process technology. For a specific equipment type with a wafer starts
capacity of 857, the facility will have four installed units as calculated below.
300057 = 3.5 units RoundigUptothNearestntgr 4units
Since the fractional number of units required is only 3.5, excess capacity is available for
the new process technology. (Recall from section 2.3.2.1, some slack capacity would still
exist even if the required number of tools was 4.0. The wafer starts capacity is based on a
target utilization which is less than the maximum availability.) If the capacity plan calls for
2000 wafer starts for the new process technology and a wafer starts capacity of 900 on the
same equipment type, then 2.2 units are required.
200%00 = 2.2 units RoundingUp to the Nearest Integer 3 units
Without equipment sharing, the facility would have to purchase three additional units,
resulting in seven units total: four for the current process and three for the new process.
However, with equipment sharing, only two new units are needed. The excess capacity
from the four existing units can be used for the additional 0.2 units of capacity necessary to
achieve 2000 wafer starts on the new process. As Table 7.2 shows, only six units are
required with sharing to satisfy the combined capacity need for 5.7 units.
Table 7.2 Capital Avoidance Example # 1
Equipment sharing will definitely result in capital avoidance, but it may not be nearly as
dramatic as might be expected. First, the capital savings is constrained by the limited
sharing list. More importantly, however, even if an equipment type is 'sharable' it will not
always result in reduced equipment requirements.
For example, assume the new process technology requires 2.7 units instead of 2.2 units.
Then as Table 7.3 shows, no equipment is saved as a result of sharing. Seven units are
required regardless of sharing since the combined capacity need is 6.2 units.
Table 7.3 Capital Avoidance Example #2
Without Sharing
Round Up ( 3.5 ) + Round Up ( 2.7 ) = 4 + 3 ----- > 7
With Sharing
Round Up ( 3.5 + 2.7) = RoundUp ( 6.2) ---- > 7
No Capital Equipment Savings
Although no equipment is saved in this case, equipment sharing can still provide
significant benefits in terms of capacity utilization, work-in-process inventories and
throughput times. Section 7.1.2 shows that it is more beneficial to have one group of seven
tools than two separate groups, one for each process technology.
Twenty scenarios were analyzed for the two different equipment sharing assumptions.
The average savings was around two percent for the limited sharing case and closer to five
percent using the extensive sharing list. While two percent savings may be well below
Without Sharing
Round Up ( 3.5 ) + Round Up ( 2.2 ) = 4 + 3 -----> 7
With Sharing
Round Up ( 3.5 + 2.2) = Round Up ( 5.7 ) ---- > 6
Capital Equipment Savings of ONE Unit
expectations, it is still significant in terms of capital dollars across multiple high volume
facilities.
The data also suggested that economies of scale has a major impact on the expected
equipment savings. At lower production volumes, the cost per unit of capacity increases
rapidly as excess unit fractions on many equipment types represent a significant portion of
the total capacity. For example, if 1.5 units are required, then 25% (0.5 out of 2) of the
capacity is excess. However, if 4.5 units are required, then only 10% (0.5 out of 5) of the
capacity is excess for the same 0.5 remaining fraction.
Thus, the capital savings impact of equipment sharing is greater when the volume of one
process technology or the other is relatively low. For equipment types that are 'sharable,'
economies of scale can be achieved across process technologies. In reality, the impact of
economies of scale is even more exaggerated as equipment sharing eliminates many of the
excess tools required only for redundancy (discussed in section 6.3). When equipment is
'sharable,' redundancy requirements are met as long as the combined equipment set has two
units. Furthermore, redundancy can also be satisfied by equipment types that are
'qualifiable' as they can be quickly converted between process technologies.
7.1.2 Constraint Management
As mentioned briefly in the previous section, significant benefits can be achieved by
simply merging two similar equipment sets into one combined group. The ability to use any
of the installed units for either process technology improves the management of facility
constraints as capacity can be directed where it is needed the most. The combined
equipment set has more installed units over which to spread the manufacturing variability
caused by preventive maintenance and unplanned downtime. This lower variability helps
reduce work-in-process inventories (WIP) and throughput times for both process
technologies.
A look at basic queueing theory makes these concepts more concrete. As Nahmias [ 21
] says, "queueing theory is (simply) the study of waiting line processes." Essentially it can
be used to assess the WIP waiting in front of a machine as a function of the arrival rate of
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the work and the service time of the machine. Nahmias [ 21 ] goes on to say that '"virtually
all the results in queueing theory assume that both the arrival and service processes are
random."
We will assume a basic MM/Mx queue. The first M represents the arrival process, the
second M represents the service process and the x equals the number of servers operated in
parallel. The M in both cases stands for memoryless or markovian which means the arrivals
are 'Poisson' and the service times are exponentially distributed. The utilization rate (p) is
one of the key parameters as it is the relationship between the arrival rates and service times
that is critical rather than the absolute values.
For typical problems, the utilization rate (p) assumes the maximum availability is 100%.
In order for our results to be consistent with basic queueing theory, we will define the
utilization rate (p) as the utilization target (U) divided by the maximum availability (A).
Thus 'p' represents the percentage of the available time used for actual production. As
stated in section 2.3.2.1, we have assumed the utilization target used for wafer start
capacity calculations is set to 90% of the maximum availability. Thus the wafer start
capacity data is based on a utilization rate (p) of 0.9.
For a simple M/M/1 queue with only one server, the number of units in the queue and in
the system can be calculated from Equation 7.1. Lq is the expected queue length and L is
the total number in the system The total number in the system is just the number in the
queue plus the average number undergoing processing in the equipment. If the equipment
can hold 1 unit and is being utilized 90% of the time, then on average there are 0.9 units in
the equipment. For illustration, a 'p' of 0.9 yields an Lqof 8.1 and an L of 9.
Equation 7.1 M/M/I Queue Length
Lq - L = Lq + p(1 - p)
For an M/M/x queue with 'x' servers, the equations are much more complicated. As
Maister [ 18 ] says, "beyond the simplest cases, the formulae that queueing theory provides
are often very complex and it is usual in most real-world situations to employ simulation
models to study the behavior of individual queueing situations." While this is true, the
queueing equations can still be used to provide some valuable insights. Appendix B
contains a table which displays the expected queue length (Lq ) and total number in the
system (L) as a function of the utilization rate (p) and the number of servers (x). Equation
7.2 below shows the equations used to calculate this table.
Equation 7.2 M/M/x Queue Length
L q = X) p) -* P(o), where P(o) =
x (1 - p)2
L = Lq + xp
It is now useful to refer back to the example in section 7.1.1 where equipment sharing
did not result in equipment savings. Table 7.3 is repeated below.
Without Sharing
Round Up ( 3.5 ) + Round Up ( 2.7 ) = 4 + 3 ---- > 7
With Sharing
Round Up ( 3.5 + 2.7) = Round Up ( 6.2) ---- > 7
Using the data in Table 7.3 and the results in Appendix B, it can be shown that the
queue size decreases by over 60% if all seven tools are used interchangeably. Without
sharing, the expected queue length for the current process technology is 2.2 based on four
servers and a 'p' of 0.79. This utilization rate is less than 0.9 because 4 units are available,
but only 3.5 are required for capacity. Since the 'p' of 0.9 is for 4 units, the utilization rate
for 3.5 units is (3.5/4.0)* 0.9 which equals 0.7875. Similarly, the expected queue length for
the new process technology is 2.8 based on three servers and a 'p' of 0.81. Thus the total
work in the queue is 2.2 plus 2.8 for a total of 5.0.
If the equipment sets are combined together, then the number of servers increases to
seven and the utilization rate becomes 0.8 from (6.2/7.0) * 0.9. This results in a combined
queue length of 1.9 which is significantly less than the 5.0 calculated above.
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7.1.3 Capacity Gain
By utilizing the excess tool fractions across process technologies, some capacity gain
can be realized. As long as the process technologies have different constraints, equipment
sharing will allow each process to utilize excess capacity from the other process to increase
wafer starts. However, there are several reasons why there will be limited (and some cases
no) capacity gain.
First, if the facility constraints are not 'sharable' equipment, then no capacity gain can
be realized from the other process technology. Second, even if this is not the case, the
process technologies may have identical constraints which also will result in no capacity
gain (based on the basic equipment capacity metrics). This situation will be explored further
at the end of this section. Finally, if the process technologies have different constraints and
at least one of them is a 'sharable' equipment type, some capacity gain is achievable.
However, the process technologies have other near constraints which will significantly limit
the capacity gain.
For example, assume a facility has a baseline equipment set for 4000 wafer starts and
1000 wafer starts of capacity for two different process technologies. A 0.5% capacity gain
can be realized because the constraint tool for the first process technology is a 'sharable'
tool. By utilizing excess capacity from the second process technology equipment set, the
first process technology capacity increases to 4025 wafer starts at which point another tool
becomes limiting.
For the twenty different scenarios analyzed, the maximum capacity gain was only 1%
based on the extensive sharing list. With the limited sharing list the gains were even less
with no capacity gain realized for approximately two-thirds of the scenarios.
In theory, some further capacity gains can be realized as a result of combining
equipment sets. The larger equipment base helps reduce overall variation such that the
equipment can be operated at a higher utilization level without significantly impacting other
performance characteristics such as work-in-process and throughput times. Nahmias [ 21 ]
points out that "naturally, there is an inverse relationship between the expected length of the
queue (and thus the averaging waiting time) and the expected utilization of the equipment."
As shown in the last section, when two sets of equipment are merged into one larger
set, the expected queue length decreases for the same equipment utilization. The alternative
is to maintain the same total queue size while operating the equipment at a higher utilization
level. For example, assume the two process technologies are constrained by the same
equipment type based on a utilization rate of 90%. The current process technology has
three units and the new process technology has two units. From the table in Appendix B,
the expected queue lengths are 7.4 and 7.7 for the current and new process technologies
respectively. Thus the total queue size is 15.1. By combining the equipment sets the queue
size can be reduced to 6.9 or alternatively, the utilization rate can be increased to 0.94 and
still only have 13.4 in the queue.
Finally, it should be pointed out that equipment sharing increases the maximum capacity
achievable for a given fabrication facility. As shown in section 7.1.1, combining equipment
sets eliminates some equipment requirements which also results in unoccupied 'clean-room'
floor space. This free space can then be used to install additional units for constraint
equipment thereby increasing the overall wafer starts capacity.
7.1.4 Process Mix Flexibility
For process mix flexibility both 'qualifiable' and 'sharable' tools can be considered as
either allows for capacity to be switched between the process technologies. While process
mix flexibility leads to a capacity increase for one of the process technologies, it also results
in a decrease for the other process technology. In many cases, this decrease will be far
greater than the corresponding increase because fast conversion transfers capacity in integer
tool quantities. While one process technology loses an entire unit worth of capacity, the
other process technology may only utilize a portion of this capacity.
Overall, process mix flexibility is significantly limited by equipment types that are neither
'qualifiable' or 'sharable.' For the twenty scenarios analyzed, approximately two-thirds of
the equipment could be quickly converted from one process technology to the other
through sharing or fast conversion. Since semiconductor fabrication equipment sets are
roughly balanced, this leaves little excess capacity on the remaining equipment types that
are process specific. The average increase was around 1%. More importantly, the
corresponding decrease was larger in almost every case. On average, the capacity decrease
exceeded the capacity increase by more than a factor of five for the limited sharing list.
Thus even though the process mix can be shifted to some degree, the overall result is
generally a net decrease in wafer starts capacity.
The primary cause of the large discrepancies between the capacity increases and
corresponding decreases is that some of the tools only allow for fast conversion rather than
sharing. As previously mentioned, fast conversion causes one of the process technologies
to lose an entire unit worth of capacity while the other process technology likely only
utilizes a portion of this capacity due to other constraints.
The extensive sharing list eliminates this bias by assuming all of the 'qualifiable'
equipment is 'sharable.' While the capacity increases are similar to those seen with the
limited sharing list, the corresponding capacity decreases are much less. Since all two-thirds
of the compatible tools are 'sharable,' only the capacity that is required for one of the
process technologies is taken from the other process technology. Thus, capacity is
exchanged flairly evenly between the process technologies with any differences a result of
product specific wafer start capacities.
Referring back to the example in the last section, we can see the impact of a process mix
change. The base case assumed 4000 wafer starts and 1000 wafer starts of capacity for the
two process technologies with 4025 and 1000 wafer starts possible with equipment sharing.
With process mix flexibility, we will assume the intent is to maximize capacity for the
second process technology at the expense of the first process technology. A 1% capacity
gain implies the capacity of the second process technology can be increased by 50 wafer
starts to 1050 total. As a result, the first process technology loses 200 wafer starts due to a
4% capacity reduction. Although some capacity can be shifted to the second process
technology, there is a net capacity loss of 150 wafer starts.
7.1.5 Faster Time-to-Money
The installed equipment base for the current process technology can be utilized for the
new process technology wherever equipment types are 'sharable.' This will allow a quicker
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startup and capacity ramp on the new process technology as less equipment needs to be
installed and qualified to begin production. This will increase both the manufacturing
learning rate and the time to market for new products.
In a 1996 MIT Master's Thesis, Keith [ 14 ] stated that equipment installation and
qualification was found to be one of the key limiters of startup and capacity ramps on new
process technologies. The facility studied was only able to install approximately 15 tools
per month with qualification typically occurring 1 to 2 months after installation.
Additionally, he pointed out that new equipment installations were further complicated by
equipment suppliers' inability to reliably meet delivery schedules.
Utilizing already installed tools will also help to better balance the equipment installation
and qualification schedule. Without equipment sharing, at least one unit of every equipment
type must be installed for production to begin. This results in an installation schedule with a
sharp peak during the first quarter. By using installed equipment for the startup, the
installation and qualification schedule can be spread out over more months which will ease
scheduling logistics and reduce associated costs.
7.2 Insights from the Automobile Industry
Important insights can also be learned from the automobile industry which undergoes
frequent process conversions at multiple facilities. A 1994 article from Business Week
titled "Motown's Struggle to Shift on the Fly" [ 22 ] discusses some of the difficulties and
possible solutions associated with retooling factories for new models. In specific, the article
highlights three lessons that can be learned from the Japanese auto companies.
1. Make new product designs as compatible as possible with existing equipment.
2. Incorporate flexible equipment that can be reprogrammed for new models.
3. Utilize advance planning to install and test new equipment (in open areas next to the
assembly line) even while the current equipment is still being used.
All three of these ideas are adaptable to the current situation. Equipment sharing is
based on the premise that the current process technology (and thus the installed equipment
base) will be exploited for the new process technology except where changes are absolutely
required. The existing paradigm also places a strong focus on flexible equipment that can
be used for several process technology generations.
The third recommendation is more difficult to apply as unused floor space is often non-
existent in a fabrication facility. However, the article describes a similar situation faced by a
Ford plant that developed a very unique solution. They "began removing one old piece of
equipment at a time and replacing it with another one flexible enough to build both the old
and the new model." For semiconductor fabrication, this is equivalent to early equipment
installations for the new process technology that are backward compatible with the current
process technology.
7.3 Inherent Risks from Equipment Sharing
While these potential benefits from equipment sharing are significant and worth serious
consideration, they must be carefully weighed against the tremendous technological risks
and additional effort required to make equipment sharing a reality. It is critical to
understand to what extent and under what circumstances these goals will come to fruition.
In most cases equipment sharing will be technologically feasible, but only through extra
development work on the new process technology and possible redesign of the current
process technology. Thus successful implementation of equipment sharing across process
technologies will require additional resources and effort because of the many possible costs,
risks, and other considerations which must be fully explored. These include impact to
yields, capacity reductions, and operational logistics. These potentially negative outcomes
are not only a concern for the startup and capacity ramp on the new process technology, but
also for continued production on the current process technology.
7.3.1 Process Capability
Equipment sharing has the potential to impact process capability either directly through
misprocessing or cross-contamination or more indirectly by increasing variability
throughout the manufacturing process. Table 7.4 below lists the key technological risks
associated with equipment sharing.
Table 7.4 Risks to Process Capability
Misprocessing
Interaction Effects
Cross-Contamination
Seasoning Requirements
General Variability Effects
Redevelopment of the Current Process
Technology for Convergence
Equipment sharing increases the likelihood of line yield losses due to misprocessing if
wafers from one process technology are processed in the wrong equipment configuration.
However, this is not much different from the current situation which requires processing of
many different products and steps on the same equipment all the time. Moreover, the
overall probability of misprocessing is low due to increased reliance on automation systems.
The primary concern arises from the increased variability expected from frequent
configuration changes. This is true even if the equipment is capable of making the changes
itself through a computer interface. The real question is the extent of the configuration
changes and their potential impact on overall variability and process capability.
Frequent configuration changes also raise concerns over possible cross contamination
and unknown interaction effects as a result of switching between process technologies.
These items can and will directly impact die yields as well as logic speed 'bin splits.'
Thorough analysis is necessary on an equipment specific basis to ensure any potential
impacts are negligible.
Finally, for some equipment types convergence of the process technologies may require
redevelopment of the current process technology. This imposes considerable risk as the
current process technology is most likely running at high volume with fairly good yields.
Even if the redesign is expected to result in an overall process improvement, it has the
potential to negatively impact current process capability due to the vast number of
interactions throughout the manufacturing process.
7.3.2 Capacity
Equipment sharing may also result in an unexpected capacity shortage on one or more
equipment types. Concern arises over available equipment capacities for three main
reasons. First, if configuration changes are required, the setup, requalification and
seasoning times will have a major impact on equipment availability and the resulting
utilization. If this is not fully understood in advance, an insufficient number of tools may be
purchased based on invalid sharing assumptions.
Second, sharing will result in more equipment types operating closer to their utilization
goals. As we saw in section 7.1.1, excess capacity exists for many equipment types as a
result of purchasing integer quantities of tools. However, with sharing, the excess tool
fractions will decrease resulting in less extra capacity to absorb normal variation as well as
errors in the capacity metrics. As a result, equipment sharing may result in unplanned
constraints along with increased throughput time and WIP inventories throughout the
process.
Third, equipment sharing will result in the convergence toward the more conservative
preventive maintenance requirements. For the process technology with the less restrictive
requirements, convergence will result in a lower equipment availability and thus a reduced
wafer start capacity per unit.
7.3.3 Other Considerations
Potential exists to limit the new process technology by focusing too strongly on the
installed equipment base and existing process technology. While this is stated as a concern,
it is unlikely to play out in reality as process technology requirements clearly have priority
over equipment sharing.
Procedural differences for setup, maintenance, and operation are very likely even for
very similar equipment types due to separate development efforts. This means that
convergence of the two process technologies will require a lot more effort than simply
satisfying technical requirements. It can be difficult enough to standardize procedures
within a single facility let alone across process technologies and multiple facilities. These
inherent differences are bound to challenge existing change control processes and
technology transfer systems. Thus significant effort will be required to make sharing
feasible from both a technical standpoint and a much subtler manufacturing systems
perspective.
Finally, equipment sharing may entail additional monetary costs as new equipment may
be more expensive if it is outfitted for more than one process technology. Equipment
sharing may also.escalate costs if existing equipment must be upgraded in order to make it
"sharable." This may not seem justified when these units will be running the current process
technology a majority of the time. While these are important considerations, the benefits
will outweigh the added costs for most equipment types. It may even be possible to capture
most of the benefits without making every unit "sharable" as we will see in the next section.
7.3.4 Should all Units be the Same?
One question that needs to be addressed for each equipment type is whether all of the
installed units need to be identical. In particular, for a tool that can be shared, should all
installed units be made 'sharable.' From an operational standpoint it would obviously be
less complex if all the units were the same. However, there are several reasons for not
making all units 'sharable.'
1. First, convergence of the process technologies will likely require upgrading of
the installed units so they can be used for either process technology. Thus
significant cost savings can be achieved if only some units are upgraded.
2. Second, it is possible to approximate the benefits of equipment sharing if only
some of the installed units are actually 'sharable.' Foschini [ 8 ] shows that as
long as there are a sufficient number of "swing" units that can be used for either
process technology, the gain from additional shared units is negligible in terms of
throughput time and WIP inventories. The optimal number of "swing" units
depends on the total number of units installed and the equipment variability in
terms of unplanned downtime.
3. Finally, as mentioned in section 7.3.2, preventive maintenance periodicity
requirements may differ between process technologies. If an installed unit is
designated as 'sharable,' then the more conservative preventive maintenance
requirements will prevail. This will result in a lower availability and thus a
reduced wafer starts capacity on all shared units. This means that it may be
desirable to designate some units to only one process technology to curtail
preventive maintenance requirements and thereby increase wafer starts capacity.
7.4 Organizational Implications
Equipment sharing will create additional operational complexity due to procedural
differences, and process flow variations due to material routing requirements and the facility
layout. The process technologies will also have different priorities as they transition
through their life-cycles. The new process technology will initially be in a startup and
capacity ramp, while the current process technology will be in more of a sustaining mode.
As a result of these different priorities, the change control process is likely to be in
conflict between the two process technologies. In many cases, the new process technology
will drive changes seen as unnecessary (and even risky) for the current process technology.
Regardless, change control will be more involved as proposed changes must consider the
potential impacts to both process technologies.
Finally, the situation will be further complicated because the virtual factory will have
different member facilities. Some of the sites will only have one process technology while
other facilities have both process technologies.

8. Conclusion
This thesis has presented two very different approaches to improving semiconductor
wafer starts capacity. The first is relevant over a shorter time period within a process
technology, while the second applies over the longer term across process technology
generations. In a May 1995 article, Lummus [ 17 ] emphasizes that "today, manufacturers
must innovate, customize, broaden product lines, distribute widely, and be able to rapidly
change volume and mix. In a word, they must be flexible." This is a great point that gets to
the heart of both approaches.
With multiple facilities running the same process technology for a variety of products,
the goal is clearly to be flexible. The difficulty is determining how to best exploit this
flexibility. As Li and Tirupati [ 16 ] state, "increased competition in the marketplace has
resulted in short product cycles and has put a premium on flexibility in changing product
mix in a dynamic fashion."
The facility constraints are very dependent on the product mix as many equipment
capacities differ by product. With multiple facilities running the same process technology,
the product mix at each individual facility can be changed while still maintaining the overall
production targets necessary to meet customer demand requirements. If one or more
facility's constraints can be eased by reallocation of the production targets, then significant
gains can be achieved in terms of wafer starts capacity.
In an article titled "A Review of Production Planning and Scheduling Models in the
Semiconductor Industry," Uzsoy, Lee and Martin-Vega [ 24 ] state that "overall, the
semiconductor industry provides a host of very difficult and challenging problems in
production planning and scheduling. The complex nature of semiconductor manufacturing
provides an area where the use of more advanced techniques may yield considerable
benefits." As shown in Chapter 5, traditional means are extremely tedious. They can also
result in local optimal solutions which are sub-optimal for the whole.
The linear programming model presented in Chapter 4 is very powerful as it takes a
complex problem and solves it rather simply. However, the model does not necessarily give
the solution. With multiple products and facilities, there are likely many optimal solutions
based solely on the equipment capacity metrics. The model's key strength is as a data input
to the overall production planning process. It provides invaluable information that
significantly improves the level and effectiveness of communication between the individual
facilities and the planning and marketing organizations.
Equipment sharing across process technologies extends this concept of flexibility in
terms of both equipment utilization and a dynamic product mix. As product and process
life-cycles become ever shorter, equipment sharing must be incorporated into short-term
and long-term planning horizons. This is crucial due to both escalating capital equipment
costs and an increasingly more competitive marketplace.
The level of equipment sharing described in this thesis is a good starting place. The
better utilization of installed equipment will definitely result in capital equipment savings
and enhanced constraint management. However, further compatibility between process
technologies is necessary if the goal is to be truly flexible from a capacity standpoint.
'Sharable' equipment lends itself to all of the benefits described in Chapter 7 while
'qualifiable' equipment only affords a subset. 'Qualifiable' equipment does provide some
ability to help manage facility constraints on a weekly or monthly basis. More importantly,
it provides for process mix flexibility as capacity can be switched relatively quickly from one
process technology to the other. However, in order for equipment sharing to be truly
effective, every equipment type must be either 'sharable' or 'qualifiable,' or there must be
excess capacity available for those equipment types that are process technology specific.
Appendix A: Case Study Linear Optimization Program
Ti = Production Target for each product 'i'.
P i = Production of product 'i' at facility 'j'.
m, = Minimum production of product 'i' at facility 'j'.
Mi, = Maximum production of product 'i' at facility 'j'.
fi = Product weighting factors for each product 'i'.
C i(n) = Wafer Start Capacity for equipment type 'n' for product 'i'.
Ij (n) = Number of Installed units of equipment type 'n' at facility 'j'.
Rj (n)= Number of Required units of equipment type 'n' at facility 'j'.
Operator Inputs
T1  Tu Tm Combined production targets.
The "Unknowns"
PI,A Pn, A P m, A Production plan for each facility.
PI,B Pn, B Pm,B
P I,C Pn, c Pm, c
Objective Equation: to minimize the weighted sum of production totals vs. targets.
Minimize fi * (Ti - Pi)
= { f* (TI - P I) + f* ( Tn - Pn) + fm* ( Ti- Pm)
wherePi = Pij PI =P, A+PI,B+PI,C
J
Pn =PnR,A +P,B+ PI,C
Pm=Pm, A+Pm, B +Pm, ,C
Constraints:
1. Capacity limitations posed by a fixed installed equipment base. The number of
tools required must be less than or equal to the number installed at each facility.
R. (n) Ii n), for all tools 'n' at all facilities ' j' where Rj (n) -= F L (
Ti (n
PIA PIA PIIA
RA(n) • IA(n), where RA(n) - + 
+
C r(n) C (aa) Cmcn)
RB(n) IB(n) and 'n' is for each equipment type.-
Rc(n) 5 Ic(n)
2. Total production of each product is limited to the production targets.
PI < TI Pa < Tn Pm < Tm
3. Finally, minimum and maximums can be established for each of the "unmknowns."
(P ij _ m. i j} for all products 'i' at all facilities'j'.
PLA
PLB
PI,c
PILA
PILB
Pu.cPn~ ]ý
PILA
PncB
Pac
I[I MLA
nI.c
mannc,
mu~c
mm.c
m.nc
(Pi .j 5 Mi. j} for all products 'i' at all facilities 'j'.
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Pn.B
PHc
Pm, A M A
PnB jL M.B
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Appendix B: Tables for Queueing Theory Analysis
Probability of Zero in the System - P(O) - Used for subsequent calculations
ULA 1 2 3 4 5 6 7 8 9
0.50 0.50 0.33 0.21 0.13 0.08 0.05 0.03 0.02 0.01
0.55 0.45 0.29 0.18 0.10 0.06 0.04 0.02 0.01 0.01
0.60 0.40 0.25 0.15 0.08 0.05 0.03 0.01 0.01 0.00
0.65 0.35 0.21 0.12 0.07 0.04 0.02 0.01 0.01 0.00
0.70 0.30 0.18 0.10 0.05 0.03 0.01 0.01 0.00 0.00
0.75 0.25 0.14 0.07 0.04 0.02 0.01 0.00 0.00 0.00
0.80 0.20 0.11 0.06 0.03 0.01 0.01 0.00 0.00 0.00
0.85 0.15 0.08 0.04 0.02 0.01 0.00 0.00 0.00 0.00
0.90 0.10 0.05 0.02 0.01 0.00 0.00 0.00 0.00 0.00
0.92 0.08 0.04 0.02 0.01 0.00 0.00 0.00 0.00 0.00
0.94 0.06 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.00
0.96 0.04 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.98 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Expected Queue Length - L(q)
UIA 1 2 3 4 5 6 7 8 9
0.50 0.5 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.0
0.55 0.7 0.5 0.4 0.3 0.2 0.2 0.1 0.1 0.1
0.60 0.9 0.7 0.5 0.4 0.4 0.3 0.2 0.2 0.2
0.65 1.2 1.0 0.8 0.7 0.6 0.5 0.4 0.4 0.3
0.70 1.6 1.3 1.1 1.0 0.9 0.8 0.7 0.6 0.6
0.75 2.3 1.9 1.7 1.5 1.4 1.3 1.2 1.1 1.0
0.80 3.2 2.8 2.6 2.4 2.2 2.1 1.9 1.8 1.7
0.85 4.8 4.4 4.1 3.9 3.7 3.5 3.4 3.2 3.1
0.90 8.1 7.7 7.4 7.1 6.9 6.7 6.5 6.3 6.2
0.92 10.6 10.1 9.8 9.5 9.3 9.1 8.9 8.7 8.5
0.94 14.7 14.3 13.9 13.6 13.4 13.2 13.0 12.8 12.6
0.96 23.0 22.6 22.2 21.9 21.6 21.4 21.2 21.0 20.8
0.98 48.0 47.5 47.2 46.8 46.6 46.3 46.1 45.9 45.7
Total Number in the System - L
U/A 1 2 3 4 5 6 7 8 9
0.50 1.0 1.3 1.7 2.2 2.6 3.1 3.6 4.1 4.5
0.55 1.2 1.6 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.60 1.5 1.9 2.3 2.8 3.4 3.9 4.4 5.0 5.6
0.65 1.9 2.3 2.7 3.3 3.8 4.4 5.0 5.6 6.2
0.70 2.3 2.7 3.2 3.8 4.4 5.0 5.6 6.2 6.9
0.75 3.0 3.4 4.0 4.5 5.1 5.8 6.4 7.1 7.7
0.80 4.0 4.4 5.0 5.6 6.2 6.9 7.5 8.2 8.9
0.85 5.7 6.1 6.7 7.3 8.0 8.6 9.3 10.0 10.8
0.90 9.0 9.5 10.1 10.7 11.4 12.1 12.8 13.5 14.3
0.92 11.5 12.0 12.6 13.2 13.9 14.6 15.3 16.1 16.8
0.94 15.7 16.2 16.7 17.4 18.1 18.8 19.5 20.3 21.0
0.96 24.0 24.5 25.1 25.7 26.4 27.2 27.9 28.7 29.4
0.98 49.0 49.5 50.1 50.8 51.5 52.2 52.9 53.7 54.5
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